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COMPARATIVE STUDIES OF GROWTH IN DECIDUOUS 
AND EVERGREEN TREES 



R. E. DAUBENMIRE 

Introduction 

Several decades ago the School of For- 
estry of the University of Idaho estab- 
lished an arboretum on the campus at 
Moscow, Idaho. Although located in a 
prairie region, the majority of the exotic 
trees planted there have survived and 
grown well Possibly this resulted in part 
from the fact that advantage was taken 
of the shelter provided by contiguous 
north-facing and east-facing slopes, but 
the trees were planted in closed stands 
and are not irrigated. Thus many species 
of trees with wide areas in the North 
Temperate Zone are growing together 
under a summer-dry climate to which 
none is native but to which all have be- 
come adjusted. The writers looked upon 
this as an excellent opportunity to make 
certain comparative studies of growth 
and related phenomena. 

Methods 

A new type of precision dendrometer 
described elsewhere (i) was used to 
measure radial changes. In all instances 
the instruments were located on the 
north sides of the trunks, between i.o 
and 1.5 meters above the ground. Two or 
three thrifty trees of each species or vari- 
ety were measured at intervals through- 
out the calendar years of 1944 and 1945. 
In general, radial changes of different 
specimens of the same species corre- 
sponded so closely that none of the con- 
clusions reached would be changed if 
based on the record from only one tree. 
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The use of more than one tree was of 
most value in enabling interpolations 
when a single record was lost because of 
vandalism or other causes. 

During the early part of the growing 
season measurements were made on al- 
ternate days, but during less critical pe- 
riods at intervals of a week or more. On 
rainy days in any season there are prac- 
tically no daily reversible changes in 
radii so that significant measurements 
can be made at any time of day, but at 
other times useful observations could be 
made only under special conditions. Dur- 
ing the warm season and especially dur- 
ing the period in which active growth 
began, measurements were made as early 
after dawn as possible so that the data 
would not be affected by temporary 
diurnal shrinkage resulting from vigorous 
transpiration. During the cold season 
only those measurements were used 
which were made in the morning when 
air temperature was at approximately 
freezing or abo*?e, in order to minimize 
llie influence of thermal shrinkage which 
begins to take place when the tempera- 
ture falls below the freezing-point of 
water. 

Since the aim has been to make quali- 
tative comparisons of radial changes, the 
latter have been expressed in graphs as 
percentages of the total increment for 
each calendar year. This method has the 
advantage of reducing to a minimum the 
effects of age, vigor, and competition but 
has a disadvantage in that the degree of 
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radial fluctuations in trees which show 
little total growth is exaggerated in com- 
parison with others. Since the net growth 
(table i) has been taken into account in 
interpreting the graphs, it is thought 
that the advantages of the percentage 
.method far outweigh this single dis- 
advantage. 

TABLE 1 

Species and varieties of trees studied and 

NET ANNUAL INCREASES OBSERVED IN RADII 


Trees 


Evergreen conijers: 

Abies concolor (Gord. & Glend ) 

Hoopes... 

Picea engelmannii Parry. . ^ 

P. pungens Engelm 

Pmus monticoJa Dougl. ....... 

P. ponderosa Laws ’ * 

P.strobusL 

Pseudotsuga taxifolia (Poir.')' Britt. 
P. taxifolia var. glauca (Mayr) 
Sudw 


Deciduous conijers: 

Larix occidentalis Nutt 

Deciduous dicotyledons: 

Acer pseudoplatanus L.. . 

A. saccharophorum K. Koch 
Fagus grandifolia Ehrh.. . . . 

Fraxinus americana L.. .* 

Juglans nigra L 

Quercus borealis Michx. f ! .’ .’ ! 
Robinia pseudoacacia L. . . . . . 

Ulmus americana L, . ....... 


Net annual 
INCREMENT 
(mm.) 


1044 


3.28 

2.31 

1.42 

1-73 

3.78 

2.26 

2.63 

2.26 


3-82 


5.26 

3.01 

4 - 93 
2.42 
1-33 

5- i6 

1.47 

1.28 


3.08 
r.98 
1-59 
1-97 
5. ,74 
1.49 
2.06 

1.78 


3 . IX 


4.16 

2.77 

3.86 

2.24 

1-47 

3-90 

0.86 

1. 31 


Environmental records 

_ The instruments of a co-operative sta- 
tion of the United States Weather Bu- 
reau are located on the campus on a 
north-facing slope which is quite com- 
parable with the habitat on which the 
trees are growing. Daily maximum and 
minimum air temperatures, daily precipi- 
tations m excess of 2.54 mm., and open- 
pan evaporation records have been ex- 
tracted from the data collected at this 


station and are presented in figure i. 
Temperature and evaporation records 
have been plotted for only alternate days 
through the periods for which there are 
data. Such simplification makes the 
paphs more readily comprehensible, yet 
it brings out the magnitude of diurnal as 
well as of seasonal fluctuations which are 
ecologically very important. Also in- 
cluded in figure i are soil temjierature 
records taken at a depth of 20 cm. on 
- those dates when tree radii were mea.s- 
ured. The soil data are based on the aver- 
age of one measurement on the north- 
. facing and one on the east-facing slope in 
the arboretum. Because the trees arc 
growing in a closed stand, soil tempera- 
ture at any one time is quite uniform, 
and differences between the two slopes 
are always very slight. The cyclic daily 
fluctuation in soil temperature at this 
depth is very small and influences the 
data but little, since most measurements 
were made at approximately the same 
time of day. 

Results and discussion 

COMPAEISONS BETWEEN DECIDUOU.S 
DICOTS AND EVERGREEN CONIFERS 

_ The following discussion is based en- 
tirely upon the eight deciduous dicotyle- 
dons and the eight evergreen conifers, for 
which groups average cumulative growth 
IS presented in figure 2. All reference to 
the deciduous conifer Larix occidentalis is 
deferred to the subsequent discussion. 
The averages represent median points 
within the two groups, respectively. 

During the 5-month period from De- 
cember through April, evergreen conifers 
showed more ^ response to weather 
changes than did the deciduous dicots. 
The radii of the latter varied but little 
from the midwinter zero point and 
changed less abruptly than those of the ^ 




i for 1944 and 
(dotted line) at 
lunts less than 






species of each grou?SontStoL“e5SreS increment, based on averages of eight 


period of above-average temperatures, 
and then remained inactive during a 
fortnight of cool weather. 

Except for about a week in May, 104 c; 
there was a distinct tendency for the 

than the deciduous trees during the early 
part of the grand period of growth an 

they maintained 
throughout the summer, even though the 
rate of increase dropped off earlier in the 

ates of the two groups were essentially 
Identical during the period of most active 
enlargement During July the rate of 
growth declined rapidly, especially in the 
evergreens. 

Subsequent to the grand period of 
growth, radii fluctuated considerably but 


The evergreens, which as a groun 
shrank more than the deciduous trees 
during summer drought, showed their 
principal response late in the .summer of 
1944, when the dry season wa.s late anrl 
m i94S,they suffered the most shrinkage 
earlier in harmony with the earlier oc- 
currence of the dry season. 

• ? months of 1945, a pe- 

riod which m this latitude is generally 
conceded to be characterized bv dor- 
mancy, more than 5% of the tokl an- 
nual increment in the evergreens was 
laid down. This cannot be interpreted as 
rehydration of tissues that shrank during 
the preceding summer, for the 1944 ree^ 
ord shows clearly that recovery had been 
complete ly the end of the calendar vear 
It IS possible, however, and indeed most 
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conifers. This difference may be ac- 
counted for by the persistent leaves of 
the conifers, which render these trees 
very susceptible to shrinkage resulting 
from vigorous transpiration, and by their 
softer wood, which may be more re- 
sponsive to turgor pressure changes. 

The data for both years reveal a re- 
markable identity in the date of begin- 
ning of the grand period of growth for the 
two groups, even though they are un- 
re ated ecologically as well as taxonomi- 
caily. Both groups grew for a few days in 
early April, 1944, in response to a brief 
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continued to show net increases until 
midwinter. The curves from midsummer 
to midwinter are very similar both years 
for the deciduous trees, but the conifers 
responded quite differently to the dif- 
forences in weather in the' two .seasons. 
The summer of 1944 was not .so dry as 
that of 1945, but the season of inaile- 
quate precipitation lasted through Oc- 
tober. In 1945 the rain.s stopped earlier 
but the dry season was broken by a rie- 
nodpf rainy weather in early September, 
thus, the principal rain!e.ss season cami' 
earlier in 1945. 
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likely, that the January-through-March 
swelling of the evergreens in 1945 repre- 
sented belated hydration of tissues 

'formed the preceding summer. 

Comparisons of Larix with deciduous . 

DICOTS AND EVERGREEN CONIFERS 

The relation of Larix occidentalis to the 
other trees is unique, since it is a conifer 
and yet has the deciduous habit of the 
dicots. Although the study of this species 
was not Iiegun until March, 1944 (fig. 3), 
this <late was well in advance of the time 
when any tree showed irreversible in- 
creases in radius. 

i n lat(‘ winter Larix exhibited a degree 
of radial stability that resembled the 
deciduous dicots more than the ever- 
green conifers. This supports the hy- 
I)()thesis expressed above that the radial 
instability which characterizes the latter 
grou|) is related to their retention of 
needles and is therefore directly cor- 
related with transpiration, 

grand period of growth of Larix 
began slightly later than the average of 
each of the two groups. Also, in both 
summers the shrinkage correlated with 
<lrouglit was more pronounced than that 
of the average deciduous dicot or ever- 
green conifer. I’hus, the behavior of 
Larix did not consistently resemble that 
of either deciduous or evergreen trees, 
excef)t for the matter of radial stability 
In which it was more like the deciduous 
dicots. 

Comparisons among trees native 

■ ^TO illFFERENT AmtUDES 

The inclusion of Pinus ponderosa^ 
Pseiidoisiiga iaxifoHa var. glauca, and 
Picea engehnannii in the series of conifers 
under study made it possible to observe 
any fundamental adaptations to different 
climates which may exist among species 
which grow at different altitudes on the 


same mountain slope. Pinus is native to 
low altitudes in the Rocky Mountains 
where the climate is warm and dry. 
Picea occurs at high altitudes where the 
climate is cool and wet, whereas Pseudo- 
tsuga occurs at intermediate elevations, 
overlapping the upper limits of Pinus 
and the lower limits of Picea, Obviously, 
Pinus was growing under environmental 
conditions in the arboretum which most 
closely approximated its native sur- 
roundings, while Picea was the farthest 
from its ecologic optimum. 

The trunks of Picea (fig. 4) were more 
affected by weather changes from Janu- 
ary through April than were those of the 
other two species, showing pronounced 
periods of shrinkage and expansion. The 
radii of Pinus fluctuated the least at this 
season, with Pseudotsuga intermediate. 
Thus the degree of response to variations 
in winter weather at Moscow was di- 
rectly correlated with altitudinal dis- 
tribution. 

In 1945 the grand period of growth 
began slightly earliest in Pinus and latest 
in Picea^ with Pseudotsuga intermediate. 
This is exactly the reverse of the order 
which might be expected, assuming that 
species of cold climates have lower car- 
dinal temperatures than those of warmer 
regions. However, the data of 1944 show 
that there is no consistent difference in 
time of commencement of growth, nor in 
behavior during the main growing sea- 
son. 

In early June the behavior of Pinus 
diverged considerably from that of the 
others. The growth rate of this tree was 
strongly depressed at this time, although 
rather steady enlargement at an ever 
slower rate characterized the remainder 
of the calendar year. Picea and Pseudo- 
tsugay in contrast, continued rapid growth 
distinctly later in summer, but then these 
trees shrank more than did the pine. It is 






SROWtH AS PERCENT 


UARIX OCCIOENTALIS 
ABIES CONCOLOR 
PICEA PUNGENS 


SO' 




GROWTH AS PERCENT 



'ULMUS AMERICANA 
'FRAXINUS AMERICANA 


-JUGUANS NIGRA 
-QUERCUS borealis 


-ACER SACCHAROPHORUM 
•FACUS GRANOIFOLIA 


'-ACER PSEUDOPUATANUS 
-ROeiNIA PSEUDOACACIA 
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significant to note that the shrinkage in 
is essentially autogenous, for, hav- 
ing a much deeper root system than 
either Picea or Pseudotsuga, it could not 
have been affected by the progressive 
downward desiccation of the soil until 
after the others had suffered consider- 
ably. If the curve for Pinus were 
smoothed, there would be no absolutely 
quiescent period at any season. This tree 
at Moscow grows rapidly during May 
and June, slowly during July, and then 
continues enlargement at a very slow and 
somewhat irregular rate throughout au- 
tumn and winter until the next grand 
period of growth begins. 

Among other evergreen conifers stud- 
ied which are native to the Rocky Moun- 
tains, Picea, pungens SLud Abies concolor 
(fig. 3) have the closest ecologic affinities 
with Pseudotsuga, while Pinus monticola 
(%• S) is ecologically the more closely 
related to Picea engehnannii. When the 
curves of all these trees are compared in 
relation to altitudinal distribution, it be- 
comes apparent that there are no evident 
correlations between the native climates 
and radial behavior at Moscow. The ■ 
chief possible exception to this may be i 
Pinus ponderosa which, in the broader 
comparison, is outstanding for its early t 
reduction in growth rate and subsequent t 
freedom from shrinkage due to drought. l 
In the southern Rockies Pearson (2) s 
has found that apical growth is related to i 
altitudinal distribution in that, whenever f, 
two species characteristic of different al- 0 
titudinal ranges are observed on the tl 
sme habitat, the one from the higher tl 
a,ltitude usually begins growth the ear- a! 
lier. His observations, therefore, indicate ai 
successively lower minimal temperatures pf 
for apical growth in species from succes- st 
sively higher altitudes. This relationship di 
does not extend to radial growth in the it< 
of trees under study at Moscow, ig 


JNor was there any consistent relation- 
ship between altitudinal distribution and 
the period of leaf growth. Cambial ac- 
tivity in 1945 appeared to begin in ex- 
actly the reverse of the order that would 
be expected from Pearson’s observa- 
tions on apical growth in the southern 
Rockies! 


le Comparison of Pinus monticola 

y AND P. STROBUS 

^ ^^e imges of Pinus monticola, niitiva 

i to mountainous regions of western North 

■ America, and P . strobus, native to eastern 
f North America, do not overlaii. How- 
ever, these species are very clo.sely re- 
lated ecologically and taxonomically and 

■ appear to have been derived from a com- 
mon Cenozoic ancestor. Both grow in 

! favorably moist soils, but the western 
species grows under much the more vari- 
able climate with respect to diurnal tem- 
perature fluctuations. The two groups of 
trees studied, three individuals in each 
are perfectly matched. The stands are 
adjacent, the individuals are of approxi- 
mately equal diameter and height, and 
the plantations were made with equal 
spacing. ^ 

_ No other trees exhibited as much rela- 
tive shrinkage in January, 1944, as did 
these pines (fig. 5), a behavior which may 
be largely attributable to the extreme 
softness of their wood. In both 1944 and 
J 94 S P- tnonticola began rapid growth a 
few days earlier than did P. strobus. The 
only other notable divergences between 
the species were observed just prior to 
the grand period of growth when shrink- 
age and expansions were occasionally 
antithetic. In general, P. strobus ap- 
peared to exhibit the more violent re- 
sponses to weather variations, but this 
difference is more apparent than real, for 
Its lower net increment, especially in 
194s (table i), tends to exaggerate the 
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degree of response. The most conspicuous 
feature of the curves is the manner in 
which they parallel each other through- 
out most of the year. 

Comparison of Pseudotsuga taxifolia 
1 and P. T. VAR. GLAUCA 

I The pronounced physiologic differ- 

Pseudotsuga taxifolia ixom 
the oceanic climatic region along the 
Pacific Coast and P. t. var. glauca from 
I the more continental climate of the 

■ Rocky Mountain region have long been 

recognized in silviculture, although tax- 
I onomists usually have not considered the 

I morphologic differences sufficient to war- 

rant nomenclatorial recognition. The 
species along the coast grows chiefly on 
habitats where drought is slight and 
transitory, while the inland variety is 
adapted to a climate that is distinctly 
drier. 

Radial behavior in the species and its 
variety (fig. 6) differed considerably, but 
for the most part inconsistently, during 
i the 2 years of study. The chief difference 

observed both years was that the trees 
from the coast ceased rapid growth ear- 
f her than those from the interior; then 

subsequently the latter showed a more 
definite response to cumulative summer 
drought. In this respect the coastal trees 
bore approximately the same relation to 
the interior variety that was noted when 
Pinus ponderosa was compared with the 
latter. Thus the coastal trees, which, on 
account of the higher rainfall of their 
native climate, might be expected to ex- 
hibit a behavior more characteristic of a 
mesophyte, gave responses more nearly 
resembling a species that is distinctly 
more xerophytic than the interior vari- 
ety! It is still possible that this difference 
in behavior may have resulted from 
ecotypic specialization, for the exact 
source of the seed of the two plantations 


is unknown, and there are a few localities 
on the Pacific slope that are drier than 
the wettest areas where Pseudotsuga can 
be found in the interior. 

Relationship of wood structure 
TO beginning of radial growth 

Several students of tree growth have 
concluded that trees with ring-porous 
xylem begin growth earlier than those 
with diffuse-porous xylem. In the present 
series of observations the exact time of 
beginning of radial growth is not easily 
determined from the radial measure- 
ments, but, if it may be assumed that 
growth among the species began in the 
same order in which their curves crossed 
the io% line, the data obtained at 
Moscow (table 2) cast considerable doubt 
as to the fundamental significance of the 
earlier conclusion. 

It is true that some ring-porous species 
were earlier than some diffuse-porous 
species, but the dates are almost 
identical for the ring-porous Ulmus (fig. 
7) and Quercus (fig. 8) and the diffuse- 
porous Fagus (fig. 9). Furthermore, the 
semi-ring-porous Juglans is not inter- 
mediate, as would be expected if the 
hypothesis were significant, but is later 
than any of the three diffuse-porous 
species. 

When the nonporous conifers are com- 
pared with the porous dicots, the 
point was reached earlier in Robinia (fig. 
10) mAFraxinus (fig. 7), and later in the 
two species of Acer (figs. 9, 10), than the 
series of dates representing the conifers 
(tables). , 

Period OE FOLIAR DEVELOPMENT 

On account of the height and crowded 
condition of the trees in the arboretum, 
and because the buds of some trees un- 
dergo a long period of gradual swelling, it 
was not feasible to attempt an accurate 
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comparison of the beginning of bud ac- 
tivity with that of radial activity. How- 
ever, records were kept of the period ex- 
tending from the time when leaves (leaf 
sheaths of pines) were first visible to their 
apparent attainment of full size, as 
viewed from the ground. This period of 
foliar development is indicated on each 
graph by horizontal lines of the same 
t37pes used to designate the seasonal 
courses of radial change in each species. 


Relation of tree growth to 

FROST-FREE SEASON 

In 1944 a temperature of 0° C. or 
lower was recorded in the louvered box at 
the weather station as late as May 3 and 
as early as September 18. In 1945 the 
last date was June 14 and the earliest 
August 20. The frost-free seasons were 
138 and 67 days long, respectively. 

^ In 1944 the average tree (fig. 2) ex- 
hibited a short period of growth in early 


TABLE 2 

Comparison of dates of attainment of 10% of net annual i.ncre- 

MENT IN RELATION TO TYPES OF WOOD STRUCTURE 


Wood type 

Tree 

1944 


i Av. 

Ring-porous 


fRobinia pseudoacacia 
iFraxinus americana 
Quercus borealis 
[Ulmus americana 

Mar 29 
Apr 6 
May 4 
Apr 30 

Feb 6 
A|>r 23 

May 3 
A'lay 9 

M ar 4 

Apr 14 
May 3 
■May 4 

Semi -ring-porous 

1 Juglans nigra 

May 20 

May 31 

May 25 

Diffuse-porous. . . 


Tagus grandifolia 

Acer saccharophorum 
,A. pseudoplatanus 

Apr 30 
May 16 
May 16 

May 7 

May 17 
May 19 j 

At 

,3 

May j 6 

May 17 

Nonporous 

1 

Tseudotsuga taxifolia 

P. t. var. glauca 

Pinus ponderosa 

P. monticola 

Picea engelmannii 

P. pungens 

Abies concolor 

Larix occidentalis 

Pinus strobus 

Apr 30 
May 4 

Apr 28 

Apr 28 
May 4 
May 6 
May 8 
May 14 
May 16 

Apr 23 

Apr ,23 
May 3 
M'ay 2 
May 7 
May 3 
May 5 
May 15 j 
May 14 , j 

.-Vpr 27 

Apr 21 ) 

A])r 30 

Apr 30 
.Nfay 5 

May 
-May 7 

May 14 

May 15 


When the dates of leafing seasons are 
averaged (fig. 2), it appears that the new 
needles of the evergreen conifers t3ipical- 
ly began to emerge as the dicot leaves 
attained full expansion. The needles of 
the deciduous coniferXam (fig. 3) devel- 
oped quite early, at a season more char- 
acteristic of the deciduous dicots than of 
the evergreen conifers. 

In both 1944 and 1945 radial growth 
began slightly later in Pirns strobus thm 
in P. monticola (fig. 5), but in neither 
year could any difference in the period of 
foliar development be detected. 


April and then began its major growing 
season immediately after the last frost on 
May 3. A number of species included in 
this average began to grow well in ad- 
vance of the frost-free season. Growth in 
nearly all trees had ceased many weeks 
before the first frost in the autumn of 
that year. 

^ 945 ) 50% or more of the season’s 
growth (fig. 2) was completed before the 
last frost in spring, and growth had been 
curtailed by drought well fiefore the first 
frost in autumn of that year. 'The data 
thus show no correlation between the 
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frost-free season and the season of radial 
growth. In 1944 the grand period of 
growth was shorter than the frost-free 
season; in 1945 it was longer. 

About half of the trees were clearly 
affected by the unseasonal drop in tem- 
perature which occurred during the 
middle of the growing season of 1945, on 
June 14. Responses varying from a slow- 
ing of the growth rate to a pronounced 
shrinkage that was not compensated for 
several days or more were observed in the 
evergreen species Picea engelmanniij 
Pinus ponderosa, P, strobus, and Pseudo- 
tsuga taxifolia, and in the deciduous spe- 
cies Fraxinus americana^ Juglans nigra^ 
Robinia pseudoacacia, and Ulmus ameri- 
cana. 

Behavior of Robinia rseudoacacia 

In some respects the radial behavior of 
Robinia pseudoacacia (fig. 10) was 
unique. In both summers the grand pe- 
riod of growth terminated very abruptly 
in early July, following which the tree 
shrank rapidly, losing about 30% of its 
total annual increment. Shrinkage in the 
summer of 1944 was not made up until 
the following February. In 1943 (data 
not included in figures) shrinkage did not 
begin until after the first week in August, 
and recovery was not completed until 
after the first week in March, 1944. 

A second remarkable feature is the 
earliness of beginning of the grand period 
of growth. Rapid enlargement began in 
early March, 1945, whereas the average 
date for this event in all species was 2 
months later (fig. 2) ! 

Summary 


Idaho, in a region originally covered 
with prairie. Subsequent to their estab- 
lishment in an arboretum the trees have 
not been irrigated, and all have become 
sufficiently adjusted to the environment 
to show approximately normal growth. 

2. The groups of eight evergreen coni- 
fer {Abies concolor, Picea engelmannii, P. 
pungens, Pinus moniicola, P. ponderosa, 
P. strobus, Pseudotsuga taxifolia, and 
P. t. var. glauca) and eight deciduous 
dicots {Acer pseudoplatanus, A. sac- 
charophorum, Fagus grandifolia, Fraxinus 
americana, Juglans nigra, Quercus bore- 
alis, Robinia pseudoacacia, and Ulmus 
americana) that were studied began to 
grow at approximately the same time in 
both years. During the early part of the 
grand period of growth the evergreens 
grew more rapidly than the deciduous 
dicots, but in the later part of this period 
the relation was reversed. The evergreens 
shrank the most in response to drought 
in summer. Very slow enlargement was 
observed during autumn and winter in 
nearly all species, but this was frequently 
interrupted by periods of shrinkage. In a 
few instances winter swelling was in part 
definitely a rehydration of tissues that 
had suffered marked shrinkage during 
the preceding summer. In other cases 
winter swelling probably represented 
belated hydration of cells produced in 
summer. The radii of evergreens were 
less stable during winter than were those 
of deciduous trees, a phenomenon which 
is probably related to needle retention, as 
this habit makes the plants relatively 
sensitive to transpiration stress in win- 
ter. 

3. In most respects, radial behavior of 
the deciduous conifer Larix occidentalis 


I. Radial changes throughout the did not consistently parallel either that 
years 1944 and 1945 were studied in of the other conifers or that of the 
seventeen species of trees at Moscow, deciduous dicots, but in its radial stabil- 
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A COMPARISON OF THE EFFECTIVENESS OF 2,4-DICHLOROPHE- 
NOXYACETIC ACID AND FOUR OF ITS SALTS IN INDUC- 
ING HISTOLOGICAL RESPONSES IN BEAN PLANTS 

CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 686 
MARY AILEEN MURRAY AND A. GERALDINE WHITING 

Introduction 

2,4-Dichlorophenoxyacetic acid (2,4- 
D) and its various derivatives have 
been tested in many experiments and 
have found wide practicail application as 
plant growth-regulating substances. 

Among the derivatives, several salts of 
the acid have been used, especially those 
which are more soluble in water than the 
acid itself. In early experiments with 
2,4-D and with other substituted phe- 
noxy compounds, Zimmerman and 
Hitchcock (11) and Zimmerman (io) 
reported that the salts, esters, and 
amides were approximately equal in ac- 
tivity to the acid. Considerable experi- 
mentation since the early work has re- 
sulted in a modification of this evalua- 
tion. Hamner et al. (3) made the general 
statement that the esters are more effec- 
tive than the acid and the acid more ef- 
fective than the salts. They found that 
the herbicidal action of the sodium salt 
could be greatly increased when it was 
applied in an acid solution. Marth and 
Davis (6) used the ammonium and the 

sodium salts as well as the acid in her- pnenoxyaceiic acia {2,4-D), ammonium 
bicidal spray tests on various weeds. 2,4-dichlorophenoxyacetate, copper 2 4- 
They found all three forms effective in dichlorophenoxyacetate, calcium 2,4-di- 
causing the death of a number of plants chlorophenoxyacetate, and magnesium 
but suggested that certain plants were 2,4-dichlorophenoxyacetate. The plants 
more sensitive to the acid than to the were decapitated in the upper part of the 
sodium salt. Ennis and Boyd (2) re- second internode, and the lanolin paste 
ported after extensive spray treatments was applied to the cut surface. The de- 
of many types of broad-leaved plants capitated stems were collected at given 
that the effectiveness of the ammonium intervals up to 30 days, killed and fixed 
salt was not statistically different from in Navashin’s fluid, imbedded by tye 


that of the acid as a growth-regulating 
substance. On the other hand, Taylor 
(9) found in general that 2,4-D caused 
greater inhibition of growth than did the 
ammonium salt when young wheat 
plants were grown in nutrient solutions 
containing either of these compounds. 

The present experiment compares the 
growth-regulating activity of 2,4-D and 
four of its salts on the basis of histological 
response induced in the bean plant. The 
treatment was made on young, deca|5i- 
tated plants in a manner similar to that 
first used by Kraus et al (5) and later 
extended to a series of experiments test- 
ing various growth-regulating sub- 
stances, including 2,4-D and related 
phenoxy compounds recently reported 
by Beal (i). Plants of Phaseohis vulgaris 
var. Red Kidney were grown in flats in 
the greenhouse. After selection for uni- 
formity and vigor Df growth the plants 
were divided into five lots. Each lot re- 
ceived treatment with one of the follow- 
ing compounds mixed in 0.5% concentra- 
tion by weight in lanolin: 2,4-dichloro- 
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butyl alcohol-paraffin method, sectioned 
at 12-15 and stained with a modified 
Flemming’s triple stain. 


Observations 

Early responses 

_ Response in decapitated stems was 
initiated ^ during the first 24 hours. 
Changes in the appearance of these stem 
tips, almost imperceptible during the 
first day, were distinct by the end of the 
second day. The green color faded, the 
originally inconspicuous ribbing of the 
stem became more marked, and the tip 
began to enlarge in the formation of a 
tumor. All treatments resulted in a simi- 
lar series of early reactions. During the 
third and fourth days the tumors grew 
considerably in size and began to show 
characteristic differences. The depth or 
downward extent of response in the stem 
was greatest in those tips treated with 
2,4-D and with the ammonium salt, 
somewhat less when the copper salt was 
used, and distinctly shallower with the 
calcium and magnesium salts (figs. lA, 
3). The shapes of the tumors likewise 
varied significantly. The deeper tumors 
resulting from treatment with 2,4-D and 
with the ammonium salt were club- 
shaped and slightly constricted at the 
top , the tumor induced by the copper 
salt was intermediate in position, some- 
what variable in shape, but often bulbous 
at the upper end; the shallow tumors in- 
duced by the calcium and magnesium 
salts were flared at the cut surface and 
gradually tapered below. With all treat 
ments the tumor was greenish-vellow in 
color, waxy on the lateral, surface, and 
rather dense and firm in texture by - the 
fourth day. 


Histological examination very clearly 
showed the tissue proliferations under- 
lying the changes seen in gross responses. 


1 For all five substances there was funda- 
i mental similarity in the tissues which 
responded and in the type of response 
induced. Certain variations became in- 
creasingly marked, however, with the 
continued development of the tumors. 
In the following analysis of early re- 
! sponse, development by tissues is traced 
through the first 4 days after treatment. 

The epidermis exhibited no specific 
: response to 2,4-D or to its salts. The 
outer cortical parenchyma showed little 
early response aside from cell enlarge- 
ment. This occurred for several milli- 
meters downward in the stem, extending 
generally over those portions showing 
marked increase in diameter. In some 
cases cell enlargement was followed by 
cell division. This was a frequent and 
characteristic response to the magnesium 
salt (fig. 8A), although it might occur in 
the cortex over especially active bundles 
with any of the other substances. Cell di- 
vision was in various planes, any one cell 

undergoing only one or two divisions. 
This response followed the initiation of 
activity in tissues centrad to it and was 
not marked until the third or fourth day. 

Response in the inner cortical paren- 
chyma was similar to that of the outer 
cortical parenchyma but was earlier and 
greater in degree. By the end of 24 hours, 
cells adjacent to the endodermis showed 
increase in density of cytoplasm and in 
size of nuclei. In those stems treated with 
the magnesium or calcium salt, divisions 
m various planes occurred during the 
first day after treatment, and in stems 
treated with the ammonium salt and 
2,4-D during the second day. As prolifer- 
ation continued, this tissue became indis- 
tinguishable irom the endodermis. 

The endodermis was the first tissue to 
respond and showed proliferation within 
approximately 24 hours. Slight cell en- 
largement (not the radial elongation 
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cnaracteristic for some growth sub- 
stances) and conspicuous increase in den- 
sity of cytoplasm preceded tangential di- 
vision. The magnesium salt induced the 
most marked response during the first 
day the calcium salt next, and 2,4-D 
the least. During the next few days divi- 
sions continued, in the radial as well as in 
the tangential plane. Generally a narrow 
band of meristematic tissue was pro- 
duced (fig. 14). Except at lower levels 
where only the endodermis showed re- 
sponse, this band merged with proliferat- 
ing tissues on either side of it. The verti- 
cal depth of this response at 3 days cor- 
roborated the differences among the sub- 
stances already noted in descriptions of 
the tumors: 2,4-D and the ammonium 
salt induced the deepest responses, the 
copper salt was intermediate in effect 
and the calcium and magnesium salts 
indeed only shallow reactions (table 1) 
The pericycle is generally less sensitive 
to treatment with growth-regulating sub- 
^ances than tissues on either side of it 
The degree of proliferation described ; 
here, and most clearly discernible in , 
longisections, is unusual. At upper levels | 
young parenchymatous pericyclic cells 1 
slowly increased in size and the nuclei 1 
enlarged, but the cytoplasm did not an- s 
pear dense. Within 2-3 days divisions oc- c 

jA). The nuclei resulting from these t 
divisions were frequently multinucleo- n 
tate, a condition observed only occa- 
sionally in other tissues. Proliferation of « 
the pericycle sometimes continued to a si 
point where the cells became indistin- fr 
guishable from other proliferated tissues er 
However, the pericycle over the vascular eo 
bundles generally remained a conspicu- te- 

f cells (fig. CO 

8A) which tended to collapse. These cell-; Ho 

might collapse as early as 4 days with the ne' 
copper, calcium, and magnesium salts, chi 


m- At levels where the pericyclic cells had 
- - begun to mature as fibers, response by 
Qi- proliferation did not occur. 

parenchymatous 
rst cells of both the primary and the second- 
ary phloem was of major importance in 
In J ^ ^°™^tion of the tumors. Response in 
m the_ phloem parenchyma was initiated 
during the first 24 hours after treatment. 

- I he cells gradually became more meri- 
iis stematic in appearance, the cytoplasm 
e- denser, and the nuclei larger. Some cells 
t- appeared enlarged. Cell division was 
1- ^“tiated earliest in those stems treated 
r- with the magnesium salt, but by the 
>- second day this tissue had begun to 

• proliferate in all stems. Divisions were in 
all planes, frequently four to five divi- 

e sions taking place before the outline of 
the original cell was lost. By the third 
5 day at levels of greatest meristematic 

• a-ctivity the phloem had formed a wide 
; band of proliferated tissue which merged 

• mdistinguishably with adjoining areas 
However, the sieve tubes of the second- 
ary phloem remained conspicuously un- 
changed among the meristematic cells 
(hg. lA). At lower levels in the tumor 
meristematic activity in the phloem was 
limited, often not exceeding the first 
stages where the outline of the original 
ceH was evident. The depth of response 

this tissue was next greatest to that of 
the endodermis and reached within 2-4 
mm. of the latter (fig. 145). ^ 

In the cambium, initiation of activity 
resulting from treatment by the different 
substances was difficult to determine. At 
48 hours the zone of undiffer- 
entiated cambial derivatives had wid- 

and activity had ex- 
tended across many of the rays. Activity 
continued through the third and fourth 
days. In stems treated with the mag- 
nesium salt, maturation of xylem tra- 

cheids among the inner derivatives of the 
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cambium commenced by the second day 
at 0.5 mm. and extended downward. 
Similar maturation was noted with the 
other substances by 3 days, at i mm. 
with the calcium salt, at 3 mm. with the 
copper salt, and at 4 mm. with both 
2,4-D and the ammonium salt. 

Parenchyma in that portion of the ray 
lying outside the interfascicular cambium 
responded in the upper levels in a manner 
similar to the phloem parenchyma. To- 
gether these formed a broad band of 
small-celled, meristematic tissues. By 
the fourth day at upper levels in the shal- 


outline was lost. The xylem parenchyma 
attained a similar degree of activity. In 
many cases inactive lignified primary 
xylem elements were widely separated by 
the enlargement or proliferation of inter- 
vening parenchymatous cells. Gradually 
this activity extended inward to the pith 
parenchyma centrad to the protoxylem 
points, especially in tumors induced by 
the magnesium salt. However, the re- 
sponse of this inner portion of the stem 
was never so great as that in the outer 
portion. The earliest maturation of pro- 
liferated cells occurred among the deriva- 


TABLE 1 

Depth of response in endodermis in tumors induced by 2,4-dichloro- 

PHENOXYACETIC ACID AND FOUR OF ITS SALTS, ON 
VARIOUS DAYS AFTER TREATMENT 


SUBST/VNCE 

Depth op response (mm.) 

2 days 

3 days 

4 days 

S days 

7 days 

12 days 

20 days 

2 , 4 -L 

10.3 

II .6 

15.0 

13-5 

13.0 

12.6 

ii-S 

NH 4 salt 

9-5 

12.0 

14.0 

13.0 

14-3 

13.0 

II. 0 

Cu salt 

8.0 

II .6 

14.0 

12.6 

12.0 

II . 3 

ir .6 

Ca salt 

6.5 

10. 0 

II . 0 

II. 0 

10. 0 

10. 0 

12.3 

Mg salt 

6.0 

9-3 

9-0 

10. 0 

9.0 

9-5 

8.3 


low tumors and at middle levels in the 
deeper tumors the meristematic activity 
of the rays exceeded that of the phloem. 
This radial pattern of alternating patches 
of intensely active rays and less active 
bundles was the first indication of devel- 
oping root primordia. 

The inner ray, that portion extending 
from the cambial derivatives to the 
protoxylem points, was markedly less 
active. During the first day the cells in- 
creased in size slightly, and the nuclei 
became particularly conspicuous^ Cell 
divisions were observed within 24 hours 
after treatment with the magnesium and 
calcium salts and within 48 hours with 
the other substances. Several cell divi- 
sions might occur before the original cell 


tives of proliferation in the ray and xylem 
parenchyma. Reticulate tracheids were 
observed as early as the third day in 
tumors induced by magnesium and cal- 
cium salts, but not until several days 
later in stems treated with the other sub- 
stances. The central pith was inactive. 

Later responses 

ZoNATiON. — By the fifth day the pat- 
tern of response in the various tissues was 
fully established and the structure of the 
tumor could be studied as a whole. In the 
early response it was apparent that the 
degree and character of proliferation 
varied at different levels. Analysis of 
these differences disclosed a pattern of 
zonation. The pattern, as most fully de- 
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VIG. s — Above, s days; below, 12 days after treatment. Left, calcium salt; right, magnesium salt of 2,4-D. 
Zones same as in fig. xB. Zone of limited proliferation lacking for shallow tumors induced by these 
salts. Proliferation above original level of cut surface characteristic response to magnesium salt. Figures 4 
and 5 show variation in form of tumors resulting from treatment with different salts of 2,4-D and are ar- 
^ \ vertical depth of response with accompanying changes in zonation. (See alsc 

table 2), Characteristic levels of root zone (c) are shown: lowest with ammonium salt (fig. 4C) and nearlv at 
cut surface with magnesium salt (fig. 5D). Figs. 3, 4, 5 same magnification. 
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veloped, consisted of four zones. These 
zones (figs. iB, 2), arranged in order 
from the cut surface to the lowest depth 
of response in the tumor, were as follows: 
(a) zone of limited proliferation; (&) zone 
of major proliferation; (c) root zone; and 
(d) zone of minor proliferation. Each 
zone was distinctive in its position and in 
Its histological character, although there 
was a gradual transition between the 
zones. The presence or absence of a zone 
and the distance of each zone from the 
cut surface were consistent factors in dif- 
ferentiating response to one substance 
from response to another substance. 

In the zone of limited proliferation, 
response was initiated but was soon in- 
hibited in its further development. This 
zone was found at upper levels just be- 
low the cut surface. During the first 3 
days after treatment parenchymatous 
tissues from the cortex tcf the inner ray 
and about the xylem points proliferated 
m a manner already described under 
early response. During the fourth and 
fifth days this rate of prohferation ap- 
peared to diminish and the meristematic 
character of the cells gradually lessened 
(fig. 6 A). Derivatives remained small- 
celled and parenchymatous (fig. 6 B). In 
decapitated stems treated with 2,4-D 
and with the ammonium and copper 
salts, the zone of limited proliferation 
was typically developed and appeared as 
the constriction at upper levels of the 
tumor (figs. iB, 2, 4). In the flared tu- 
mors induced by the calcium and mag- 
nesium salts this zone was absent 
(fig- 5 )- 

In the zone of major proliferation the 
greatest and most prolonged meristemat- 
ic activity occurred. Derivatives of corti- 
cal parenchyma, endodermis, phloem 
parenchyma, cambium, and the outer 
portion of the ray possessed the dense 
cytoplasm and large nuclei of div idin g 


cells (fig. jA). Parenchyma in the inner 
portion of the ray and about the xylem 
points responded with considerable en- 
largement and some proliferation (fig. 
75). A broad and continuous band of 
active tissue was formed around the cir- 
cumference of the stem. This wide band 
of meristematic tissues was particularly 
evident in tumors induced by 2,4-D and 
by the ammonium and copper salts. In 
these tumors the zone of major prolifera- 
tion was found below the zone of limited 
proliferation (figs. iB, 2, 4) and was 
mainly responsible for the enlargement 
of the decapitated stem. 

In the transition to the root zone the 
tissues of the rays became more and more 
intensely meristematic. On alternate 
radii derivatives of the vascular tissues 
appeared less active. This type of or- 
ganization was characteristic of response 
to the calcium and magnesium salts at 
the uppermost levels (fig. gB) and repre- 
sented the greatest extent of proliferation 
in these flared tumors (fig. 5). 

In the root zone the organization of a 
primordium occurred generally within 
each ray. The increased intensity of 
meristematic activity in the outer rays 
was observed by the fourth day. By the 
fifth day root histogens were distinguish- 
able in all treatments. In longisection it 
was evident that some primordia were 
continuous vertically over a distance of 
several millimeters and developed in a 
fasciated manner with no separation into 
i^ividual, well-organized root tips (figs. 

4C, sD). From other primordia well- 
roots were formed 
(fig. 4C). With all five substances the 
root zone was unmistakably expressed in 
protuberances forming an abrupt ridge 
or shoulder at the base of that portion of 
the tumor showing the greatest enlarge- 
ment. Although the distance of the root 
zone from the surface of application dif- 
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fered markedly in the responses induced 
by 2,4-D^ and its salts, the pattern of 
proliferation within the stems varied but 
little (figs. lo, ii). In the vascular 
bundles alternating with the root pri- 
mordia, proliferation was relatively slight 
and the pattern similar to that in the 
zone of minor proliferation. 

The zone of minor proliferation was 
found at levels where response progres- 
sively diminished and finally terminated. 
Although the total proliferation for this 
portion of the stem was relatively slight, 
activity in large bundles was conspicu- 
ous, especially when the proliferation was 
followed by a complex pattern of matura- 
tion (fig. 12). In the upper part of this 
zone considerable proliferation of the 
endodermis occurred over the large 
bundles (fig. 12B). In stem tips treated 
with the magnesium salt this prolifera- 
tion frequently extended through the 
cortical parenchyma to the epidermis. 
Similar activity was observed in tumors 
induced by the calcium salt (fig. 15) but 
was uncommon and much less marked 
with the other substances. In all treat- 
ments a narrow band of proliferated 
endodermis was formed over the smaller 
bundles (fig. 12). At the lowest levels 
endodermal response decreased to a 
single division and finally to slight cell 
enlargement. Pericyclic cells (fig. 15) 
were often matured as fibers; sometimes 
the cells were enlarged and proliferated. 
The greatest proliferation in this zone 
was observed in the phloem parenchy- 
ma, both primary and secondary. Ac- 
tivity in this tissue was marked to a 
depth almost as great as that in the 
endodermis (fig. 145). Only traces of re- 
sponse were evident in the cambial re- 
gion, in the xylem paraichyma, and in 
the tissues of the ray. Limitation of pro- 
liferation principally to the vascular 
bundles was characteristic of response in 


^3 

the zone of minor proliferation. With all 
treatments, general maturation of pro- 
liferated tissues was found earlier in this 
zone than in the other zones. Many of the 
characteristics of the mature condition 
were evident by the fifth day, especially 
in those tumors resulting from treatment 
with the calcium and magnesium salts. 

Maturation. — The greatest rate of 
enlargement of the tumor occurred dur- 
ing the first week after treatment. 

Growth thereafter was slower but con- 
tinued for several weeks more. This 
growth took place mainly in the zone of 
major proliferation and in the root zone. 

The time of maturation and death of the 
tissues varied in the different tumors. In 
tumors induced by 2,4-D and by the 
ammonium and copper salts collapse was 
evident in the zone of limited prolifera- 
tion 2 weeks after treatment. Constric- 
tion at the tip increased greatly, the tis- 
sues changed in color from waxy yellow 
to brown, and necrosis occurred. By 30 
days collapse and death had extended to 
the lowest levels of response. Decapi- ^ 

tated stems treated with the calcium and 
magnesium salts were firm and green 3 
weeks after treatment. By 30 days some 
collapse and dying were evident. Tissues 
proliferating above the cut surface in 
those tumors induced by the magnesiurn 
salt remained succulent and active to the 
end of the period of observation. This 
was the most prolonged stimulation of 
tissues noted in this experiment. 

In the zone of limited proliferation ac- 
tivity was much reduced by the fifth day. 

In the small-celled derivatives the cyto- 
plasm was less dense and the nuclei di- 
minished in size. Further development 
seemed to be inhibited, and the tissues 
remained parenchymatous for some time 
(fig. 6B). At the end of 12 days the be- 
ginning of collapse and death was evi- 
dent. Commencing at the cut surface and 
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Fig. 6. Transections.of stem tips treated with ammonium salt of 2,4-D; in zone of limited proliferation. 
Af 5 days after treatment, 0.2 mm. below cut surface. Inner cortical parenchyma and endodermis (en) 
slightly proliferated, maturing as parenchyma; pericyclic cells (pc) much enlarged and some divided; deriva- 
tives of proliferated tissues from primary phloem to pith losing meristematic character. B, 12 days after 
treatment, i mm. below cut surface. Response limited to degree of proliferation reached by 5 days. Some 
tissues collapsing; others matured as parenchyma. Compare with fig. 4C. 




Fig. 7. — Transections of stem tips treated with ammonium salt of 2,4-D; in zone of major proliferation. 
A, same stem as fig, 6 A, 3 mm. below cut surface: phi, secondary phloem. Pericyclic cells much enlarged 
{pc), some collapsed. Parenchymatous tissues from primary phloem to pith strongly meristematic and pro- 
liferating; outer portion of rays similarly active. Slight proliferation in xylem parenchyma and in inner por- 
tion of rays. Note density of cytoplasm in proliferating cells as compared with fig. 6A. B, same stem as fig. 
6B, 4 mm. below cut surface. Collapsed epidermis, cortical parenchyma, endodermis, and pericycle forming 
heavy outer layer of tumor. Proliferated tissues (phloem, outer portion of ray, and cambial derivatives) 
generally maturing as parenchyma; some x>dem tracheids differentiated. Proliferated cells in xylem paren- 
chyma and in inner portion of ray maturing as reticulate tracheids or remaining meristematic to form vas- 
cular bundles. 
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Fig. 8 — Transections of stem tips treated with magnesium salt of 2,4-D. A , 4 days after treatment, i mm. 
below cut surface. Greatest proliferation with magnesium salt found at uppermost levels and at this age. 
Response similar to that noted with ammonium salt at base of zone of major proliferation (5-6 mm.) at 5 
days; differences in degree of proliferation between vascular bundles and rays result in scalloped band of 
active tissues. Note strong proliferation of cortical parenchyma (cx) and endodermis, frequent response to 
magnesium salt. .S, 5 days after treatment, 0.3 mm. below cut surface. Maturation of proliferated tissues 
much earlier than that observed in treatment with ammonium salt. (Compare with fig. jA.) Derivatives of 
proliferated cortical parenchyma, endodermis (en ir), and phloem parenchyma maturing as reticulate 
tracheids or as parenchyma. Some pericyclic cells much enlarged (pc), a few collapsed. 
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Fig. 9. — Transections of stem tip, 12 days after treatment with magnesium salt 
above original cut surface. Development above original cut surface characteristic of response to magnesium 
salt. Tumor at this level consists of parenchyma and complex system of small anastomosing vascular bundles 
(vb) and is derived mostly from proliferation of inner rays, xylem, and pith parenchyma. 15, same stem as ^4, 
just below cut surface: xy, xylem. Marked proliferation in xylem parenchyma, inner portion of ray, and pith 
derivatives maturing as parenchyma, as scattered reticulate tracheids, or as small vascular bundles. U 
ward proliferation of these inner tissues forms tumor above original cut surface. Differences in degree of 
proliferation in rays and vascular bundles more pronounced than in fig. 8^. Many derivatives of pro- 
liferation in vascular bundles have collapsed. Highly meristematic character of 

root zone. Outer tissues generally collapsed. 
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in the endodermis, changes in cytoplasm 
and nuclei of proliferated tissues pre- 
ceded disorganization and collapse of the 
cells. This collapse progressed downward 
and inward into deeper layers of the 
tumor (figs. 2, 4C, D ) . 

In the zone of major proliferation gen- 
eral maturation was longest delayed in 
decapitated stems treated with 2,4-D 
and with the ammonium, calcium, and 
copper salts. In these tumors the outer 
tissues from the epidermis to the peri- 
cycle generally collapsed to form a heavy 
outer layer. The wide band of prolifer- 
ated tissues derived from phloem paren- 
chyma and the outer portion of the ray 
continued activity as long as 2 weeks. 
Maturation was mainly as parenchyma. 
In tumors induced by the magnesium 
salt, maturation was established as early 
as 5 days. Differentiation of tracheids in 
proliferated endodermis and phloem 
parenchyma (fig. 85 ) emphasized the 
similarity and proximity of the upper 
levels of these tumors to the root zone. 
The inner derivatives of the cambium 
matured as tracheids, although these 
were shorter and smaller than the usual 
xylem tracheids. An exception to gen- 
erally retarded maturation was found in 
the proliferated parenchyma of the xylem 
and inner portion of the ray. Differentia- 
tion of reticulate tracheids was observed 
as early as 3 days in treatment with mag- 
nesium and calcium salts and 4 days with 
2,4-D and the ammonium and copper 
salts. Other derivatives matured as pa- 
renchyma or remained meristematic and 
formed a complex pattern of vascular 
strands. Vascularization was noted with 
all treatments, but particularly with the 
copper, calcium, and magnesium salts. 
This type of maturation in the inner tis- 
sues extended downward through the 
two lower zones, gradually diminishing 
in extent with decreasing effectiveness of 


the substance. In decapitated stems 
treated with the magnesium salt, and 
sometimes in those treated with the cal- 
cium salt, proliferation of these inner tis- 
sues at the cut surface accounted for the 
formation of a portion of the tumor 
above the original level of the cut surface. 
With continued development of the tu- 
mor this activity extended inward to 
portions of the pith (figs. gA^B) and up- 
ward into the distinctive overgrowth at 
the apex of the tumor induced with the 
magnesium salt. In other treatments the 
presence of the zone of limited prolifera- 
tion effectively prevented development 
above the cut surface. 

In the root zone well-developed root 
tips remained meristematic until general 
collapse of the tips occurred. Elongation 
of roots was relatively slight and in no 
instance did the tips penetrate through 
the outermost tissues (fig. ii). Differen- 
tiation of the other proliferated tissues 
was similar to that found in the lowest 
zone (fig. 1 1,4). 

Relatively small areas in the zone of 
minor proliferation exhibited marked ac- 
tivity. The pattern of maturation in 
these areas, however, was more complex 
than in any other portion of the stem 
(fig. 15). Derivatives of endodermis and 
cortical parenchyma generally matured 
as parenchyma. Over some large bundles, 
particularly with the calcium and mag- 
nesium salts, reticulate tracheids, fiber- 
like cells, meristematic patches, and 
vascular bundles, as well as parenchyma, 
were noted (figs. 135, 15). The reticulate 
tracheids in the endodermis connected 
through the interfascicular rays with the 
xylem. Maturation in the phloem, re- 
sulted in large areas of reticulate trache- 
ids intermingled with some parenchyma, 
scattered vascular bundles, and patches 
of fiber-like cells. These tracheids con- 
nected through the phloem rays with the 
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j xylem. Frequently a band of primary 
; pliloein c'clls adjacent to the pericycle 
I remained m,eristem,atic. This was, par- 
. ticiilarly evident with 24-D andThe am- 
monium salt but much less so with the 
magnesium salt (fig, 13), This complex of 
tissues followed no regular pattern but 
extended from the endodermis through 
the [)ericyrle and phloem parenchyma to 
; the cambium (fig. 15) and reached its 
I most elaborate development at the level 
just below the root zone. The same pat- 
' tern extended upward through the root 
^ xone to the lowest levels of the zone of 
major [>roliferation and downward with 
increasing simplicity to levels where ap- 
parent response ceased altogether. 

i Discussion 

^ In this ex|)eriment histological re- 

! spf)nses inducerl in bean stems by 2,4-0 
I and by its ammonium, copper, calcium, 
and magnesium salts were generally simi- 
lar to those described l)y Beal (i) and by 
^ Swanson (8) for 2,4-L). S'Wanson , con- ^ 
sidtu'cd that eacli growth-regulating sub- 
stance induced a {)attern of reactions 
j ■ characteristic for that substance. He 're- 

j ferred to this as individuality of effect. 

Despite certain variations, in the reac- 
I tions of bean |)lants to 2,4-D and to its 
salts, the resi)onses resulting from any 
one treatment appeared to fall within the 
range of effects distinctive for 2,4-D. 
The differences among the tumors in- 
duced b}^ the various substances were 
observed both in the histological re- 
sponses and in the zonation. However, it 
is significant that no response induced by 
one substance was entirely absent in the 
reaction to another substance. Where dif- 
ferences existed there was a gradual, in- 
crease or decrease in this response' fro,m,' 
one substance to the next. In general, the 
compounds fell into a series in the follow- 
ing order: at one end 2,4-D and the am- 


monium salt, in an intermediate position 
the copper salt, and at the other end the 
calcium and magnesium salts. 

Histological responses to the various 
substances differed in the following ways: 
(a) rate at which response was initiated 
and progressed to maturation ; (b) degree 
of proliferation in various tissues and at 
different levels, both of which consider- 
ably influenced the shape of the tumor; 
and (c) the extent of maturation, deter- 
mined by the number of reticulate tra- 
cheids and the amount of vascularization 
in proliferated tissues. Differences within 
the tissues may be summarized as fol- 
lows: 

1. Proliferation of the outer cortical 
parenchyma was a frequent response to 
the magnesium salt, although it might 
occur to a lesser degree over especially 
active bundles with any of the other sub- 
stances. 

2. Response in the endodermis was 
initiated first with the magnesium salt, 
next with the calcium salt, and last with 
2,4-D. A similar gradation was noted in 
the depth of response in the endodermis 
(table i). Likewise, reticulate tracheids 
and small vascular bundles were a com- 
mon form of maturation over large 
bundles with the magnesium salt, al- 
though they were found to a lesser de- 
gree and more infrequently with the 
other substances (figs. 12, 13). 

3. Divisions were observed in the inner 
portion of the ray and in the xylem pa- 
renchyma within 24 hours with the mag- 
nesium and calcium salts but not until 48 
hours with the other substances. Matura- 
tion of derivatives as reticulate tracheids 
was noted on the third day with the mag- 
nesium and calcium salts but not until 
the fifth day with the other substances. 

4. Pith parenchyma centrad to the 
protqxylem points was particularly ac- 
tive TOth the magnesium salt, somewhat 
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below cut’ suScrBoirtorsectof^^^ Delow cut surface; 5 , magnesium salt of 2,4-D, 5.?. i 

cortical parenchyma generally inactive; innefcortkirDarenc]iv‘’™^?'*‘°4’ f O' 

commonly maturing as parenchyma. PericvcHc cells freouentl ' ^ f slightly proliferated 

enlarged and maturing as parenchyma (i>c ) Primarv r^h? ^ ^ matured as hbers (pc,), but some cells grci 
meristematic (ph m) and continuing prohfera«on esLckilv“in^T“otherH Pencycle remair 

parenchyma maturing in complex pattern of retimla^p trart, ■ f derivatives of proliferated phh 

of cambial derivatives less wide th^ aruoner S V =‘™"ds (ph B, 
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I‘’h;. 13.-1 , ammonium salt of 2,4-D, 8 mm. below cut surface; 5 , magnesium salt of 2,4-D, 4 mm. below 
cut surface. Both transections in zone of minor proliferation, 12 days after treatment: pc, pericycle. In gen- 
eial, both sections similar to those at 5 days but much more mature. In phloem and endodermis continued 
activity of merislematic areas (ph m and en m) and further diferentiation of tracheids {en tr) and vascular 
bundles {ph vh) result in greater complexity of tissue patterns. Note continued proliferation of inner ray 
parenchyma in A and its absence in B. 
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Fig. 15.— i^ongisection, 12 days after treatment with calcium salt of 2,4-D. Section of older stem in zone 
of minor proliferation (4.5-8 mm.) to illustrate in longisection complex and varying character of proliferation 
and maturation in large bundle. Compare with fig. 13. Cortical parenchyma (cac) proliferated. Endodermis 
strongly proliferated at upper levels and differentiating tracheids tr) or forming meristematic strands 
{en m)\ less active at lower levels and maturing as parenchyma (m). Pericyclic cells maturing as fibers (^Ci) 
or slightly proliferated and maturing as parenchyma {pc^. Phloem parenchyma greatly proliferated; many 
derivatives maturing as tracheids i^ph tr), strands of which may connect with xylem through phloem rays 
(^/i! ra) ; other areas parenchymatous or remaining meristematic {ph m). Secondary vascular tissues {ph2 
and .tyd' matured.' 
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treatment with lower concentrations. In 
the present experiment, in the stem tips 
treated with the magnesium, salt, the re- 
sponses at upper levels (o-i mm,) were 
similar to those at intermediate levels 
(5”6 mm.) in the tumor induced by the 
ammonium salt (figs. 4, 5). If zonation is 
interpreted as an expression of concen- 
tration, the five substances used in this 
experiment are not equally effective. The 
strongest stimulation of response re- 
sulted from treatments with 2,4-D and 
with the ammonium salt, and the least 
with the magnesium salt. On this basis 
the zone of limited proliferation is in- 
terpreted as resulting from concentra- 
tions high enough to approach toxicity 
and to inhibit growth. The zone of major 
proliferation represents a concentration 
of greatest effectiveness in stimulating 
and prolonging growth. Roots appear to 
be induced at lower concentrations. Mi- 
nor proliferation occurred at still lower 
levels and concentration^. A somewhat 
similar series of effects from stimulation 
to inhibition of growth correlated with 
low and high concentrations of indole- 
acetic acid is reported by Hsxjeh: and 
Lou (4). 

Explanation of the apparent concen- 
tration gradient with the different salts 
of 2,4-D is difficult. All substances were 
applied in 0.5% concentration by weight. 
Differences in the molecular weights of 
the compounds result in only slight vari- 
ation in the amount of 2,4-D present and 
do not appear to offer an explanation, 
particularly as the sequence in the mo- 
lecular weights does not correlate with 
the sequence established for effectiveness 
of response. Solubility was also taken in- 
to consideration but did not seem to be a 
direct factor. The method by which the 
cation changed the effective concentra- 
tion and thus modified the activity of the 
growth-regulating substance is diflSicult 


less so with the calcium salt, and least 
with 2,4-D. This pith parenchyma, to- 
gether with parenchymatous cells of the 
xylem and inner ray, proliferated above 
the original cut surface in tumors induced 
by the calcium and magnesium salts. 

In the evaluation of responses induced 
by the various treatments zonation is an 
important characteristic of the tumor. A 
study of the tumors on the basis of zona- 
tion disclosed well-defined differences but 
at the same time established a consist- 
ency of response throughout all the treat- 
ments, A shallow, flared tumor with ma- 
jor activity just below the cut surface 
and some proliferation above (magne- 
sium salt) was readily distinguished from 
a deep tumor with the greatest enlarge- 
ment much below the cut surface and 
constriction at the apex (2,4-D). Al- 
though these represented extremes of re- 
sponse in this experiment, comparison of 
equivalent zones and stages of develop- 
ment showed close relationship between 
the two types. Moreover, a progressive 
series between these two was formed with 
the other salts of 2,4-D. It is significant 
that comparisons of the different tumors 
resulted in each instance in the same se- 
ries of relationships among the sub- 
stances, whether the differences were ex- 
pressed in histological details or in the 
larger pattern of zonation. This is illus- 
trated in figures 1-5 and table 2. 

The series of responses , strongly sug- 
gests variation in the effective concentra- 
tion of the growth-regulating substances. 
In decapitated bean plants with a known 
gradation in the concentration of in- 
doleacetic acid (7), similar changes in the 
character and levels of response were ob- 
served. It was shown that responses in- 
duced at successively lower levels in a 
stem tip treated with a high concentra- 
tion of indoleacetic acid are similar to 
responses at higher levels induced by 



TABLE 2 

ZONATION IN TUMORS INDUCED BY 2,4-DICHLOROPHENOXYACETIC ACID 
AND FOUR OF ITS SALTS, 12 DAYS AFTER TREATMENT 


Depth in 
stem 
(mm.) 


Ammonium 

salt 


Copper 

salt 


Magnesium 

salt 


Cut 

surface 


Major 

Major proliferation 
proliferation 1 


Limited Limited Limited 
proliferation proliferation proliferation 


Root 

formation 


Major 

proliferation 


Root I 

formation Minor 
I proliferation 


Major proliferation 
proliferation 1 


Root 

formation 


Root 

formation 


Minor 

proliferation 


Root 

formation 


Minor 

proliferation 


1 Minor 

Minor proliferation 

proliferation I 
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0.5% concentration by weight in lanolin 
paste. Observations were made of mate- 
rial grown for a period of 30 days after 
treatment. 

2. Gross response showed characteris- 
tic differences among the tumors. Treat- 
ments with 2,4-D and with the ammo- 
nium salt resulted in relatively deep, 
club-shaped tumors. Proliferation was 
entirely below the cut surface. The tu- 
mor induced by the copper salt was like- 
wise formed below the cut surface but 
was somewhat shallower. Those induced 
by calcium and magnesium salts were 
broadly flared at the cut surface and 
gradually tapered below. Growth above 
the cut surface occurred with both of the 
latter substances but to a more marked 
degree with the magnesium salt. 

3. Histological responses in the early 
stages showed considerable similarity. In 
parenchymatous tissues of the inner cor- 
tex including the endodermis, of the peri- 
cycle, phloem, cambial zone, xylem, and 
rays, proliferation was initiated soon 
after treatment. Response induced by 
the magnesium salt was earlier and more 
marked than in other treatments, less so 
with the calcium salt, and least with the 
ammonium salt and with 2,4-D. 

4. Study of the tumor as a whole dis- 
closed a pattern of zonation for all treat- 
ments. At upper levels a zone of limi ted 
proliferation was found in the responses 
to 2,4-D and to the ammonium and cop- 
per salts. This zone was lacking in the 
other responses. A zone of major prolifer- 
ation occupied the intermediate levels 
below the zone of limited proliferation in 
treatments with 2,4-D and with the am- 
monium and copper salts but was found 
at upper levels in the tumors induced by 
the calcium and magnesium salts. In re- 
sponse to the magnesium salt this zone 
was only poorly represented. With all 


substances a root zone was formed at 
next lower levels, and below the roots a 
zone of minor proliferation terminated 
the tumor. Comparison on the basis of 
zonation disclosed a consistent sequence 
among the substances according to the 
characteristics of the responses induced: 
2,4-D and the ammonium, copper, cal- 
cium, and magnesium salts. This same 
series was duplicated in gross responses 
and in details of histological responses. 

5. Maturation was earliest and most 
marked in the treatment with the mag- 
nesium salt and least with the ammo- 
nium salt and with 2,4-D. In the zone of 
limited proliferation maturation occurred 
early, was mainly as parenchyma, and 
was soon followed by collapse. Matura- 
tion in the zone of major proliferation 
was lonpst delayed. Many of the deriva- 
tives differentiated as parenchyma ex- 
cept at levels of transition to lower zones. 
In the root zone the rays organized as 
root primordia remained active until the 
death of the tumor 3 weeks or more after 
treatment. Proliferated tissues of vascu- 
lar bundles and associated endodermis 
and cortical parenchyma both in the 
root zone and in the zone of minor pro- 
liferation exhibited complicated patterns 
of differentiation into tracheids, paren- 
chyma, vascular bundles, and meriste- 
matic areas. 

6. Characteristic differences in his- 
tological responses to the different sub- 
stances are discussed. The most pro- 
nounced differences were found in decap- 
itated stems treated with the magnesium 
salt. However, no response induced by 
one substance was entirely absent in the 
reaction to another substance. All re- 
sponses appeared to fall within the range 
of effects distinctive for 2,4-D. Independ- 
ent effects of the different cations on stem 
responses were also considered. 
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7. Zonation is interpreted as an expres- 
sion of a concentration gradient. On the 
basis of this interpretation the effective- 
ness of the growth-regulating substance 


was greatly modified by the form of the 
salt which was applied. 

Department of Botany 
University of Chicago 
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A RAPID SENSITIVE METHOD FOR DETERMINATION OF LOW 
CONCENTRATIONS OF 2 , 4 -DICHLOROPHENOXY- 
ACETIC ACID IN AQUEOUS SOLUTION^ 

DANIEL REAVY^ AND VIRGINIA Q. GRANT^ 


Introdtiction 

III physiological and herbicidal studies 
on 2,4-dichlorophenoxyacetic acid (2,4- 
D) there is frequently a need for deter- 
mining the biological activity of small 
amouiits of this compound in aqueous 
solution. No satisfactory chemical meth- 
od has yet been devised, primarily be- 
cause/this compound is relatively inert 
chemically. ■■■ 

^ Studies conducted at Camp Detrick, Frederick, 
Mary land, 'from April to June, 1946. 

■ Biochemist botanist. 


Recently Bandurski (i) described a 
spectrophotometric method for deter- 
mining 2,4-D in aqueous and ether solu- 
tions in which Beer’s law was found to 
hold within 5% limits over a concentra- 
tion range of 6-2507/ml. This method is 
based on the absorption of light in the 
ultraviolet region. Earlier Swanson (3) 
devised a bio-assay method based on the 
inhibition of further growth of the pri- 
mary root of surface-sterilized and pre- 
germinated corn seeds. Within the limits 
of 0.1-2.0 p.p.m., reproducible and rea- 
sonably accurate results were obtained. 



40 


BOTANICAL GAZETTE 


The sensitivity of other germinating 
seeds to 2,4-D has been examined in an 
attempt to extend the range of applica- 
tion of the bio-assay procedure based on 
this principle. Representative species of 
the families Leguminosae, Compositae, 
Gramineae, Cucurbitaceae, Liliaceae, 
Malvaceae, and Polygonaceae were 
tested, and it was found that a member 
of the Cucurbitaceae, the common cu- 
cumber {Cucumis sativus), is very sensi- 
tive to 2,4-D. A detailed study was there- 
fore made of the relationship between the 
degree of primary root and shoot inhibi- 
tion of germinating cucumber seed and 
small concentrations of 2,4-D ; the results 
form the basis of this paper. 

Material and methods 

The cucumber seed used was a com- 
mercially available variety, Early For- 
tune. Six-inch Petri dishes were fitted 
with circles of filter paper and to each 
were added 15 ml. of the solution of 
2,4-D under test. Twenty-five cucumber 
seeds were placed in each dish, and five 
replicate dishes were employed for each 
of fifteen different concentrations. Un- 
treated controls were set up using 1 5 ml. 
of distilled water. The dishes were then 
covered and placed in a dark constant- 
temperature room at 28° C. At the end 
of 96 hours they were removed, and 
lengths of the primary root and shoot 
were measured. 

Results 

The concentrations employed ranged 
fromo.ooi to lo.op.p.m. Examination of 
the data (tables i, 2, figs. 1-3) shows 
that there was a simple quantitative rela- 
tionship between the concentrations of 
2,4-D used and the degree of inhibition of 
growth of primary roots and shoots of the 
germinating cucumber seed. Calculation 


of the F values for these data showed 
high statistical significance for treatment 
and no significant difference for replica- 
tion. 

The roots were extremely sensitive to 
minute amounts of this acid, concentra- 
tions as low as 0.005 P-P-m. having pro- 
duced inhibition to a degree which was 
statistically significant when compared 
with the control (table i). All concentra- 
tions above this point to the maximum 
of 10 p.p.m. produced growth inhibition 
highly significant at the 1% level when 
compared with the control. Differences 
between treatments were also highly sig- 
nificant at concentrations from o.oi to 

o. io p.p.m. At a concentration of i.o • 

p. p.m. inhibition of growth had essen- 
tially reached its maximum, and the 
curve leveled off. Consequently, inhibi- 
tion of growth of the primary root offers 
an excellent means of determining 2,4-D 
in concentrations of 0.005-1.0 p.p.m. 

The shoots treated with o.oi p.p.m. 
(table 2) showed appreciable growth in- 
hibition when compared with the control, 
but the differences between treatments 
were not statistically significant until a 
concentration of 0.50 p.p.m. was reached. 
Differences between treatments were 
highly significant between 0.5 and 5.0 
p.p.m. with the exception of the i.o- 
p.p.m. concentration. Above 5.0 p.p.m. 
maximum inhibition of shoot develop- 
ment had been practically attained, and 
the curve leveled off. Consequently, 
ipeasurement of the shoot offers an addi- 
tional means for determining concentra- 
tions of 2,4-D from 0.5 to 5'0 p.p.m. 

^ When the values for root and shoot 
inhibition were plotted against log con- 
centrations of 2,4-D, straight lines were 
obtained for which equations fitting 
closely were derived (fig. 3). The slopes 
of the lines are not quite identical. 







TABLE 1 

Inhibition of primary roots of germinating cucumber seeds exposed for 
96 hours to different concentrations of 2,4-D 


* Minimum significant difference between means of concentrations at s% level of probability is 3.82 mm. 
at 1% level, 5.08 mm. 


TABLE 2 

Inhibition of shoots of germinating cucumber seeds exposed for 96 hours 
TO different concentrations of 2,4-D 


* Minimum significant difference between the means of concentration at $% level of probability is 3.34 mm. 
:% level, 4,44 ram. ^ 


Concentration 

] 

Mean lengths in replicate (mm.] 

1 


% OF 

OF' ACID 
(P.P.M.) 

I 

2 

3 

4 

s 

Mean* 

CONTROL 

0 (control) ........ 

60 

36 

53 

60 

59 

S7-6 


0,001 

S3 

S3 

56 

55 

57 

S4-8 

9S-I 

0,00s 

52 

54 

50 

56 

54 

53-2 

92,3 

o.oio. 

SO 

52 

49 

50 

47 

49,6 

86.1 

0,025 

49 

1 51 

46 

S3 

55 

i 50,8 

88.1 

0.050 

45 

52 

! 45 

SO 

54 

1 49-2 

85.4 

0.07s 

■ 52 

48 

47 

48 

55 

50.0 

86.8 

0. 10 

S3 

47 

56 

51 

48 

51-0 

88.5 

0.25.. 

SO 

45 

48 

41 

SO 

46.8 

1 81.2 

0.50 1 

44 

43 

39 

47 

44 

43*4 

75-3 

0.75.. 1 

38 

37 

37 

38 

38 

37-6 

65,2 

1 .0. 

37 

33 

37 : 

40 

37 

36.8 

63.8 



'S-o.... 

31 

18 

28 

23 I 

27 

20 

26 

22 

28 

19 

28.0 

20.4 

48.6 

35-4 

7>S*-- 

14 

IS 

15 

18 

17 i 

15-8 

27.4 

10. 0. 

13 

14 

16 

14 

13 1 

14.0 

24.3 


Concentration ^ 

Mean lengths in replicate (mm.) 



% OE 

(P.P.M.) ^ 

2 

3 

4 

s 

Mean* 

CONTROL 

0 (control) 70 

62 

S8 

67 

57 

62.8 


0.001 60 

66 

60 

55 

59 

60.0 

95 S 

0.005 57 

61 

S6 

62 

55 

58.2 

92.6 

0.010 44 

, 37 

49 

45 

42 

43*4 

69.1 

0.025 38 

35 

36 

36 

42 

37.4 

S 9 -S 

0.050 29 

33 

27 

28 

34 

30.2 

48.0 

0.075 23 

26 

26 

27 

24 

25.2 

40.1 

o.io 14 

18 

20 

18 

29 

19.8 

31*5 

0.25..... 18 

IS 

17 

18 

16 

16.8 

26.7 

0.50 12 

13 

12 

13 

14 

12.8 

20.3 

0 . 7 S 9 

10 1 

12 

II 

10 

10.4 

16 . 5 

i.o 8 

8 

13 ' 

9 

10 

9.6 

15.2 

2.5 7 

8 

6 

7 

9 

7.4 

II. 7 

5-0 6 

7 

6 

7 

7 

6.6 

10. 5 

7*5 6 

7 

6 

7 

6 

6.4 

10. 1 

10. 0 6 

6 

6 

6 

6 

6.0 

9*5 
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Discussion 

The need for a sensitive and accurate 
method for the determination of small 
amounts of 2,4-D in aqueous solution has 
been adequately met through the activ- 
ity of this acid in inhibiting the primary 
root and shoot of germinating cucumber 



Fig. I. Inhibition of growth of primary roots 
and shoots of germinating cucumber seed exposed 
for 96 hours to different concentrations of 2,4-D. 


seed. Such activity is so quantitatively 
related to the concentrations of acid em- 
ployed that this fact serves as a means of 
determining the amounts of acid present. 
Differing sensitivities of the root and 
shoot to the same concentration of the 
acid present a desirable condition where- 
by, in the case of an unknown solution, 
either the root or the shoot, or both in 
the case of the 0.50—1.0 p.p.m. range, 
may be used to determine the acid con- 
centration. 

Furthermore, this method is sim ple 
and rapid. No surface sterilization of the 
seed was found to be required, since in 
this study and in hundreds of other de- 
terminations fungal contamination was 
very infrequent, even though untreated 
seed only was used. In addition, no initial 
germination and subsequent selection of 
the seed are necessary before treatment 
as in the method described by Swanson 


(3). It can be performed with a minimum 
of equipment and could undoubtedly be 
employed in the field, provided a reason- 
ably constant-temperature storage cham- 
ber is available near by. By measuring 
the activity on germinating cucumber 
seeds, concentrations from 0.005 to 5-o 
p.p.m. can be determined accurately by 
this method, and dilution to this range 
will permit determination of more con- 
centrated solutions. Solutions of 2,4-D of 
unknown concentration, after dilution, 
may be subjected to the procedure herein 
described, and growth inhibition may be 
expressed in percentage of control. This 
may then be compared with the standard 
curve, and the presumptive concentra- 
tion of 2,4-D may be thereby ascer- 
tained. 

The linear character of the relation- 
ship between inhibition of both roots 
and shoots of the cucumber seedling and 
concentrations of 2,4-D considered on a 



Fig. 2 . Inhibition of gz'owth of primary roots of 
germinating cucumber seed exposed for 96 hours to 
different concentrations of 2,4-!). 


logarithmic basis may throw some light 
on the mechanism of action of a growth- 
regulating substance of this type. It is 
not known whether the over-all inhibi- 
tion produced is the result of a simple 
effect on some cellular mechanism, or 
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whether it is a summation of effects on 
various growth mechanisms. The latter is 
the more probable, since the magnitudes 
of the responses produced in root and 
shoot are not identical. However, as far 
as each organ is concerned, the effect is 
proportional to concentration, and the 
relationship can apparently be treated as 
a single reaction. 

The procedure thus developed is pred- 
icated entirely upon the activity of 

2,4-D on germinating cucumber seeds in 
aqueous media. Recently Lucas and 
Hamner (2), using onion extract, found 
that activation of 2,4-D was obtained 
through a synergistic effect; they also 
found that dilution of the extract in- 
creased this synergistic effect. Some 
lesser synergistic effect was evidenced in 
the case of garlic extract, whereas none 
was found with tomato extract. In work 
under progress at this installation, in- 
hibition of germinating cucumber seed 
by some factor present in corn-plant ex- 
tract has been noted. On the other hand, 
soil leachates have been examined for 

2,4-D content by this method, and, after 
suitable standard curves had been estab- 
lished by adding known amounts of 

2,4-D to the leachate from untreated 
soil, good agreement was obtained be- 
tween the theoretical amounts of 2,4-D 
added to the soils and recovery. Also, de- 
terminations on artesian waters to which 
known amounts of 2,4-D had been added 
were in good agreement with the stand- 
ard curve. From the foregoing it is ob- 
vious that in certain types of biological 
materials the terms “activity^ ^ (or in- 
hibition) and “concentration” may not 
be used synonymously, and, consequent- 
ly, application of the procedure de- 
scribed in this paper would be relative 
rather than absolute. The basic purpose 
of this paper, however, is to describe a 
quantitative method for the determina- 



tion of 2,4-D in aqueous solutions which 
can then be modified as required for the 
determination of this acid in other media, 
such as by constructing standard curves 
using such media as a base, or by the 
inclusion of appropriate blanks. 

Further investigations are under way 
to determine the suitability of this meth- 
od for the quantitative estimation of ac- 


Summary 


I. A simple and rapid quantitative 
method for the determination of small 
amounts of 2 ,4-dichlorophenoxyace tic 
acid (2,4-D) in aqueous solution is de- 


LOG CONCENTRATION OF ACID (RRM.) 


Fig. 3. — Regression equations and coefficients of 
correlation of roots and shoot lengths of germinating 
cucumber seed exposed to 2,4-D. 


tivity of small amounts of other members 
of the phenoxyacetic acid series (4). In- 
cluded in this group are 4-chlorophe- 
noxyacetic acid, 2-methyl-4-chlorophe- 
noxyacetic acid, and 2,4,5-trichlorophe- 
noxyacetic acid. Preliminary results ap- 
pear encouraging and publication of 
results of detailed tests on these com- 
pounds will be made shortly. 


ROOTS \ 
y-l0.5-2X9X 
Rs-a98 ^ o 


SHOOTS 

Y»60.5-36.IX 
\ R*-0.97 
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scribed. This method is based on the ac- 
tivity of the acid in inhibiting the growth 
of the primary root and shoot of ger- 
minating cucumber seed. It is sensitive 
to 0.005 P-P-Ki- and is applicable from 


this concentration to 5.0 p.p.m. Initial 
surface sterilization of the seed, selection 
of pregerminated seed of certain root 
lengths, and special equipment are not 
necessarv. 
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VEGETATIVE RESPONSES OF BROMUS INERMIS TO CERTAIN 
VARIATIONS IN ENVIRONMENT' 

CONTRIBUTIONS TROM THE HULL BOTANICAL LABORATORY 687 


JOHN C. DIBBERN 



introauction eastward to Michigan and Ohio; and in 

Smooth brome grass {Bromus inermis artificial reseeding of denuded range 
Leyss.) has long been cultivated in Hun- “ regions of light rainfall and mod- 
gary and Russia. The first recorded im- ®^^te summer temperatures, 
portation of seed into the United States Smooth brome is a perennial and 
was 1880, and many importations spreads vegetatively by means of rhi- 
from different sources have been made zomes. It grows rapidly in the spring and, 
since. From these importations our pres- though remaining green throughout the 
ent strains have been developed. warm summer months, then makes very 

The species is now found as far south Rttle additional growth. Inflorescence’s 
as Tennessee, Kansas, and California develop in the spring, and an thesis or- 
and extends northward through Canada curs in early summer. Through environ- 
mto_ Alaska. On mountain ranges in the mental selection northern and southern 
semiarid regions of the West and North- strains have evolved, these strains ma- 
west it is frequently found at all eleva- turing late and early, respectively when 
tions up to 9,000 feet, and in central Utah grown in the latitude of Lincoln Ne- 
up to 10,500 feet, though it does not re- braska (8). Within these strains the in- 
seed at this elevation (3) . It is important dividual plants show a great diversity of 
as a hay and pasture grass, especially growth habit, ranging from bunch types 
iroin Minnesota and Kansas to eastern semicreepers. 

Oregon and Washington, occasionally A study has been made of 
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shading, and container size in an attempt 
to shed some light on (a) the ability of 
the species to withstand grazing or mow- 
ing; (b) its limitation in distribution to 
only the higher latitudes; (c) its shade 
tolerance; and (d) the type of container 
that will allow maximum growth in the 
greenhouse. The experiments were con- 
ducted in the greenhouses and garden of 
the University of Chicago from the 
spring of 1946 through early summer, 
1947 - 

Material and methods 

Because of the diversity of the species, 
it seemed desirable to work with a wide 
variety of plants. To this end the clonal 
and seed materials used represent plants 
originating from Saskatchewan to Wash- 
ington, Kansas. 

In greenhouse experiments the soil 
used consisted of three parts loam soil of 
prairie origin mixed with one part sand. 
A supplementary nitrate solution was 
occasionally applied and consisted of 3.5 
gm. Ca(N03)2 • 4H2O per liter of water. 

In experiments where both root and 
top weights are reported, the separation 
of tops and roots was made on a morpho- 
logical basis rather than at the ground 
level. Underground stem parts were thus 
considered part of the tops. Where root 
weights were not taken, tops were clipped 
at a height of 2 inches above the ground 
level except where specifically stated 
otherwise. 

Stem counts represent only those 
stems that had emerged from the soil, 
including both elongated and unelon- 
gated tillers, but do not include dead 
stems. 

Experimentation 

Clipping 

Greenhouse series. — On April 27 
and 28, 1946, six divisions of each of 
twenty-three clones which had been 


growing outdoors either at Chicago, Il- 
linois, or at Madison, Wisconsin, were 
planted separately in 8-inch unglazed 
clay pots on well-illuminated benches in 
the greenhouse. Each division consisted 
of approximately six stems and accom- 
panying roots. The leaves of plants that 
showed severe wilting after planting were 
clipped to decrease water loss, but in no 
instance was the clipping severe enough 
to remove entire leaf blades or growing 
points. Nitrate solution (192 ml.) was 
supplied to each plant on May 4, 1946, 
September 5, 1946, and April 3, 1947, 
and they were watered when necessary. 

On June 30, 1946, the three most uni- 
form divisions of each clone were se- 
lected for experimentation, but only the 
seventeen clones in which all three divi- 
sions survived until the termination of 
the experiment are reported upon. Series 
C was an undipped control, series i was 
clipped on June 30, 1946, and series 2 on 
June 30 and September 27. 

Because of general lack of vigor, a 
final harvest was considered inadvisable 
in the fall, and the effects of clipping for 
the 1946 season are therefore shown only 
by stem counts (table i). 

The clipping on June 30 caused a re- 
duction in the number of stems in series i 
to 76% as measured on July 13, but se- 
ries 2 was reduced to only 86%. The stem 
counts and top weights on June 30 were 
larger in series 2 than in series i, and it 
would thus appear that the larger plants 
were less affected by clipping than were 
the smaller ones. 

On September 27 the stem count of 
series i was 2% below the count on June 
30, and that of series 2 was 23% above. 
The )deld of tops in series 2, however, 
was less than half that of June 30. The 
lower yield between June 30 and Septem- 
ber 27 cannot be considered entirely an 
effect of the first clipping. Growing con- 
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ditions in the greenhouse during this pe- 
riod were quite adverse. Daytime soil 
temperatures averaged 2^ C., and maxi- 
mum air temperatures if C. The plants 
also became infested with mealy bugs, 
aphids, and red spiders, and, in addition 
to the injuries so caused, there was some 
injury from control spraying. 

On November 24, stem counts showed 
the control to have increased 97% over 
the value on June 30, series i had in- 


'size, as suggested by the results with 
different-sized containers (see soil-vol- 
ume experiment). On April 25 the three 
series were clipped back to 2 inches. The 
relative yields produced between April 25 
and June 2, and the relative numbers of 
stems on June 2, 1947, when the experi- 
ment was terminated, are taken as a 
measure of the aftereffects of no clipping, 
one clipping, and two clippings the pre- 
vious year. If the top growth produced 


TABLE 1 

Stem counts and dry weights of tops in greenhouse clipping experiment 



i04<3 


1947 


6/30 7/13 9/27 11/24 i/i 


3/31 6/2 


No. of stems* 


i 

292 

378 

530 

575 

559 

540 

246 

186 

241 

276 

270 

316 

30s 

263 ! 

j 

375 

280 

269 

278 


527 

290 

282 


No. of stems in % of count on 6/30 


100 

100 

100 


197 

112 

92 


192 

no 

88 


1946 


6/30 9/27 4/25 6/2 


Dry \vt. of tops (gm.)* 




59*14 

74.46 


35-28 


46,19 

30.59 

19-94 


35 • 20 
22.87 
20.71 


Dry wt. per stem (gm.) 


o. 24a 

0.244 


0.094 


0.086 

.097 

0.072 


0,067 

.079 

0.073 


between April 25 and June 2 is converted 
to dry-weight yield per stem based on the 
counts of June 30, 1946, the value for 
series i is 23% less, and that of series 2 
is 43% iess, than the control. The stem 
counts on June 2, 1947, show that series 
C had 80% more and series 2 had 8% less 
than on June 30, 1946. 

Harrison and Crawford (5) found in 
a field experiment with smooth brome 
that applications of ammonium sulfate 
had more efiect upon stem size than upon 
total number of stems in determining 
yield of forage. The total dry-weight 
yields in this clipping experiment, how- 


Series 


* Sums of values for seventeen clones. 

creased 12%, and series 2 had decreased 
8%. During the period from November 
24, 1946, to January 18, 1947, the light 
intensity was quite low in the green- 
house, and all three series showed a de- 
crease in the number of live stems. 

By March 31, 1947, the plants had re- 
sumed active growth, and both clipped 
series showed an increase in stem num- 
bers over the January count. However, 
the stem count of series C shewed a de- 
crease from the January count. This de- 
crease might indicate that the volume of 
soil in the 8-inch clay pots had become a 
limiting factor to further increase in 
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ever, showed much closer correlation stantially greater than the numbers on 
with stem counts than with average June 24, though less than in the control, 
weight per stem (table i). In contrast to the low yield from the sec- 

Garden series.— On April 25, 1946, ond clipping of plants in the greenhouse, 
six divisions of each of twenty-two clones the second clipping in the garden yielded 
were planted in six plots laid out side by several times as much dry matter as the 
side in an east- west direction in the gar- first, and the weight per stem was over 
den. Each division consisted of approxi- 50% greater (table 2). This contrast is 
mately six stems and their roots and was quite sharp and, even though there were 
taken from plants growing outdoors five additional clones included in the gar- 
either at Chicago, Illinois, or at Madison, den experiment, emphasizes, the differ- 
Wisconsin. The leaves of plants that ences between growing conditions out- 
showed severe wilting after planting doors and in the greenhouse, 
were clipped to decrease water loss, but On November 15 a stem count was 
in no instance was this clipping severe made, and all three series were clipped to 
enough to remove entire leaf blades determine the total yields in 1946. The 
or growing-points. The divisions were relative stem count was 27% less in se- 
spaced 18 inches apart in the east-west ries i and 55% less in series 2 than the 
direction and 24 inches apart in the control. The weight per harvested stem 
north-south. The plants were watered was 5% less in series i and 43% less in 
sufficiently to prevent deficiency at any series 2 than the control. The total top 
time. On June 24, 1946, the three most weight per original stem (based on count 
uniform divisions of each clone were se- of June 24) was 24% less in series i and 
lected for the clipping experiment. 30% less in series 2 than the control. 

Series C was an undipped control, se- From the clipping of June 7, 1947, the 
ries I was clipped on June 24, and series 2 dry-weight yield per original stem (count 
on June 24 and August 23. On November of June 24, 1946) was 21% less in series i 
15 all three series were clipped back to 2 and 56% less in series 2 than the control, 
inches and the total oven-dry yield of Although these plants which grew out- 
tops was determined. On June 7, 1947? doors made a much more vigorous 
the three series were clipped again to 2 growth than those in the greenhouse 
inches, and the relative dry- weight yields (tables i and 2), as measured by stem 
were used as a measure of the aftereffects counts, top yields, and individual stem 
of clipping treatments in the preceding weights, the aftereffects of clipping the 
year. preceding season are very similar in 

The first stem count was made on greenhouse and garden as measured by 
June 24, 1946, at the time series i and the percentage differences between the 
series 2 were clipped the first time. The 1947 yields per stem (count of June 24 
larger dry weight of tops which had been and June 30, 1946) in series C, series i, 
produced by series 2 was accounted for and series 2. 

partially by the greater number of stems Seeblings. — On April 30, 1947, five 

and partially by the greater weight per 8-inch glazed pots were planted with 
stem (table 2). caryopses of a southern strain (no. 25); 

On August 23, when series 2 was five with a strain of intermediate latitude 
clipped a second time, the numbers of (no. 27); and five with a northern strain 
stems in series i and series 2 were sub- (no. 26). The caryopses were covered 
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with ^ inch of sifted soil, and the pots This point is emphasized, since it is per- 
were placed on a well-illuminated bench tinent to the effects of clipping upon top 
in the greenhouse. The seedlings were and root development, 
watered whenever necessary to prevent Pot no. a of each strain, harvested 6 
water deficit and were thinned to ten per days following clipping on June 2, 
pot on May 27. On June 2, one pot (no. showed a higher T/R ratio in the south- 
i) of each strain was harvested, and ern and northern strains, but a lower 
oven-dry top and root weights were de- T/R ratio in the central strain, than pot 
termined. On the same day the plants in no. i, which was harvested without being 
pots 2, 3, and 4 of each strain were clipped (table 3). 


TABLE 2 


Stem counts.and dry weights of tops in garden clipping experiment 



Series 


No. of stems* 


No. of stems in % of count on 6/24 


Sums of values for twenty-two clones. 


clipped back to 4 inches high. On June 8, Plants clipped twice (pot 3) and once 
pot no. 2 was harvested and pot no. 3 (pot 4) before harvesting produced less 
was again clipped back to 4 inches. On total top weight than the control (pot 5). 
June 14 the remaining pots (nos. 3, 4, and The effect of clipping the tops in limiting 
5) were harvested, and oven-dry top and the growth of roots was even greater 
root weights were obtained (table 3) . than it was upon the tops and is reflected 
In all three strains the top-weight/ in the T/R ratios. In strains 25 and 27 
root-weight ratio (T/R) of undipped the root weight in pot 3 harvested on 
seedlings harvested on June 2 was greater June 14 is approximately the same as in 
than for undipped seedlings harvested 12 pot i harvested on June 2— no net in- 
days later (pots i and 5). The increase in crease in root weight in 12 days when the 
root weight in proportion to top weight tops were clipped twice, 
as the seedling matures results from the Discussion.— The results of both the 

increasing synthesis of carbohydrate by greenhouse and the garden clipping exper- 
the photosynthetic tissue, which appears iments show conclusively that both the 
to have first priority on the seed reserves, top yield per original stem and the num- 


186 

S 3 I 

2375 

II4 

386 

1726 

II6 

408 

1077 


357 

66 s 

1896 

8401 

8127 



1768.66 

I 76S , 66 

.3607.5 

302 

344 

1169 

5213 

5252 

72.43 

1062,03 

1134.46 

2412.5 

434 

1 SOS 

1 

1769 

467s 

4784 

129.17 

S28.79 550-36 

1508,32 

1 1965 -0 
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ber of stems were inversely proportional 
to tlie frequency of clipping and that 
these effects were carried over into the 
following growing season. With Bromus 
Harrison and Hodgson (6) also 
found that frequent and close clipping 
reduced both the amount of root growth 
and the total yield of tops and that, 
when the plants were completely defoli- 


carbohydrate reserves was influenced less 
by the frequency than by time and de- 
gree of clipping. The period of reproduc- 
tion from flower-stalk elongation to for- 
mation of ripe seed is critical, and clip- 
ping at this time seems to limit subse- 
quent storage. 

The direct cause of the limitation of 
top growth resulting from clipping is re 


TABLE 3 

Dry weights of tops and roots and T/R ratios for seedling 

CLIPPING experiment* 


Strain 

Pot no. 

Tor wt. (gm.) 

Root wt. 
(gm.) 

T/R 

6/2 

6/8 

6/14 

Total 

6/14 



I 

0. 




0. 

0. T^t 

A 6t 



2 

o- 35 t 

0.47 


0.82§ 

o.i4§ 

S-9§ 

25 


3 

0.30; 

0.i3t 

0-37 

0.80 

0. 12 

6.7 



4 

0.30! 


0.83 

I.I3 

0.22 

5-1 



.S 




1.89 

1.89 

0.61 

3*1 



I 

0. 64 




o. 64 t 

0. 12t 

5 - 3 t 



2 

0.36^ 




O.89I 

o.i8§ 

4 - 9 § 

27 


3 

0 - 35 ^ 


0. i8t 

0.41 

0.94 

0.13 

7.2 



4 

0.38: 



0,84 

1.22 

0.26 

4.7 



.S 




2.17 

2. 17 

0.62 

3-5 



'i 

0.30 




o. 3 ot 

o.o7t 

4 - 3 t 



2 

0. 22j 

0.48 


o.7o§ 

o.i3§ 

5 - 4 § 

26 


3 

0. 2oj 

o.i6t 

0.49 

0.85 

0.20 

4.2 



4 

0.2lj 


0.67 

0.88 

0.22 

4.0 



Is 




1.46 

1.46 

0.52 

2.8 


* Values are sums of ten plants in each pot. t Clipped to 4 inches, 

t On June 2. § On June 8. 


ated, new top growth was developed in a 
large measure at the expense of previous- 
ly deposited root reserves. McCarty and 
Price (7) found that the quantity of 
reserve carbohydrate stored in roots and 
stem bases of mountain brome and slen- 
der wheatgrass growing on the Wasatch 
Plateau of Utah was related to the 
amount of foliage present during the nor- 
mal storage period of August and Sep- 
tember and was less when the interval 
between earlier clipping and the normal 
storage period was shortened. Their re- 
sults also indicated that the amount of 


lated primarily to the reduction in photo- 
synthetic tissue and to the use of reserves 
in the growth of new tops but is probably 
also markedly influenced by the con- 
comitant limitation on root growth. The 
seedling experiment in the greenhouse 
showed that root growth was even more 
severely affected by clipping than was 
top growth. Robertson (9) also found 
with B. that, as a result of re- 

peated clipping of tops, the rate of root 
growth diminished gradually until it 
ceased entirely, followed by a dying back 
from the root tips. 
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The findings of numerous workers (i, 
2, 12) indicate that the greater yield of 
undipped grass over periodically clipped 
grass is largely of fiber and other nitro- 
gen-free substances. However this may 
affect the feeding value of the forage, one 
must not lose sight of the fact that the 
effects of clipping upon root growth and 
upon storage of reserves do govern over a 
period of years a perennial plant’s ability 
to withstand adverse environmental con- 
ditions. This is brought out in the con- 
trast between the stem counts in the gar- 
den experiment (table 2) and the green- 
house experiment (table i). The general 
lack of vigor of the plants in the green- 
house clipping experiment which were 
also subjected to high temperatures and 
low light intensity lends stress to the 
point made by Graber (4) that the pro- 
ductive capacity of grasses depends upon 
adequate supplies of available nutrients 
and moisture combined with favorable 
light and temperature conditions as well 
as upon adequate food reserves. 

Soil temperature and clipping 

In an attempt to determine the effects 
of soil temperature combined with clip- 
ping upon different t3q)es of brome grass, 
clone 4, a creeper from Washington; 
clone II, a Parkland bunch type; clone 
25, a southern type, with origin at Su- 
perior, Nebraska; and clone 26, a north- 
ern type with origin at Mandan, North 
Dakota, were selected for experimenta- 
tion. The divisions of clones 4 and ii 
were made by slicing uniform-sized root 
segments and accompanying stems from 
uprooted plants that had been estab- 
lished in the garden; those of clones 25 
and 26 by slicing into uniform segments 
plants that had been established in 6- 
inch pots in the greenhouse. The root 
mass of the divisions of each clone was 
relatively uniform, but the accompany- 


ing stem numbers varied greatly. The 
divisions were planted in 8-inch glazed 
pots on August 24, 1946, without any 
removal of leaf tissue, and were watered 
when necessary. By September 17 the 
plants appeared well established and 
were subjected to soil temperatures of 
20°, 26°, and 31° C. by means of the 
University of Chicago soil temperature 
tanks. Because of limited facilities only 
one division of each clone in the un- 
dipped series was subjected to each tem- 
perature. For the clipped series, clones 25 
and 26 were run singly and clones 4 and 
1 1 in duplicate ; they were clipped on Oc- 
tober 2. All plants were harvested on 
November 12, and the dry weights of 
both roots and tops and the numbers of 
roots were determined. 

Only clones 25 and 4 survived clipping 
at all soil temperatures. Clone ii sur- 
vived clipping at 20° and 26° C., clone 
26 only at 20°. The survival of clone 25 
and death of clones 26 and ii at the 
higher temperatures was possibly related 
to latitude of origin. This would agree 
with the observations of Newell and 
Keim (8) that southern strains were more 
tolerant of midsummer heat and drought 
than northern strains. It was quite evi- 
dent that removal of photosynthetic tis- 
sue accompanied by the rapid respira- 
tory rate induced by high root tempera- 
tures was very unfavorable for even the 
strains that survived. 

The root systems developed at the 
lowest temperature were fibrous and 
much branched, while at the highest tem- 
perature few roots of the second and 
third order were in evidence. Stuckey 
(10),. working with colonial bent grass, 
also found maturation of roots to be ac- 
celerated by higher soil temperatures, 
with little branching in evidence. 

Total root weight was inversely cor- 
related with soil temperature in all four 
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clones (table 4), as was the weight of in- 
dividual roots. The data reflect markedly 
the limiting effects of high soil tempera- 
ture upon root growth in this species and 
also the limiting effect of clipping. 

The total numbers of roots of the 
three clones of northern origin in the 
undipped series were also inversely re- 
lated to soil temperature. However, 
clone 25, of southern origin, showed the 
maximum root number at 26° in the 
undipped series. In the clipped series the 
inverse relation to temperature held for 
all clones except no. 4, where the lowest 
number of roots was found at 26° C. 
With the exception of clone 4 at 20° C. 
and clone 25 at 31°, the numbers of roots 
were lower on all the clipped plants than 
on the undipped plants, irrespective of 
soil temperature. 

Although in general the numbers and 
dry weights of stems were inversely cor- 
related with soil temperature (table 4), 
the effects were not so marked as in the 
roots. Since the underground parts of the 
stems were subjected directly to the dif- 
ferent temperatures, the results do not 
differentiate the direct from the indirect 
effects of soil temperature upon the 
stems. 

With the exception of clone 4 at 20° 
the number of stems of all clones de- 
creased as an effect of clipping, with 
greater decrease at higher soil tempera- 
tures. In the undipped series one north- 
ern clone (no. ii) decreased in live stem 
number at the highest soil temperature; 
and the percentage increase in the others 
was least at the highest temperature. In 
the southern clone (no. 25) the greatest 
increase was at 26°. 

Total top weight in the undipped se- 
ries was inversely correlated with soil 
temperature in two of the northern clones 
(26 and ii). Clone 4 yielded most at 
20° C., with a slightly greater yield at 


51 

31° than at 26°. The southern clone (no. 
25) produced the greatest top weight at 
26° and the least at 31° C. 

In the clipped series the data do not 
include the weights of tops clipped on 
October 2. In all clipped plants the final 
yields at 20° C. exceeded those at 26° or 
31°, although in clone 26 the yield at 26° 
was near that at 20°. 

The weight per stem in the undipped 
series was inversely correlated with soil 
temperature for clones 26 and 1 1 but di- 
rectly so for clone 4. Clone 25 had the 
greatest weight per stem at 26° C. and 
the least at 20°. The surviving plants in 
the clipped series had the lightest stems 
at 20° C. with the exception of clone 4 
(table 4). This tendency toward fewer 
but heavier stems in the dipped plants at 
higher soil temperatures could result 
from an inhibition in either the initiation 
or elongation of new tillers with the con- 
sequent utilization of available nutrients 
and reserves by the surviving stems. 

A measure of the total yield in propor- 
tion to the initial size of the clonal divi- 
sions was derived by dividing the final 
dry top weight by the stem numbers on 
September 17. In the undipped series 
this value in two of the northern clones 
was inversely correlated with tempera- 
ture, while in clones 25 and 4 it was 
greatest at 26° C. Clone 4 showed the 
least yield at 31° C. 

In the clipped series all clones pro- 
duced less dry-weight yield of tops per 
root at the higher temperatures, except 
clone 25, in which it was highest at 
26° C. In the undipped series this value 
was inversely correlated with soil tem- 
perature except in clone 4, in which it 
was highest at 20° C. and lowest at 26°. 

The top-weight/root-weight ratio and 
weight-per-stem/weight-per-root ratio 
were positively correlated with soil tem- 
perature. This trend in these ratios is 
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TABLE 4 

Effects of soil temperature and clipping 


Soil 

TEMPEIOV- 

TUE.E 

r C) 


Clone 


25 

■ 'j 

26 

4 

II 

Undipped 

1 

Clipped 

Undipped 

Clipped 

Undipped 

Clipped 

Undipped 

Clipped 

Dry wt. of roots (gm.) 

0.S3 

0.5S 

1-30 

0.21 

5.20 

2.01 

4.25 

0.74 

•79 

■33 

0-53 

§ 

1.94 

0.36 

1. 41 

0.37 

0. II 

0.05 

0. 17 

§ 

0.99 

0.42 

0.43 

§ 

Wt. per root (mg.) 

9 

8 

i 

1 5 

2 

' 27 

9 

19 

5 

7 

7 

2 

§ 

10 

4 

II 

4 

3 

I 

I 

§ 

6 

4 

4 

§ 

No. of roots 

90 

77 

1 265 

: 

19s 

220 

219 

14s 

. II3 

50 

1 257 

§ 

189 

99 

134 

129 

37 

43 

[ 150 

§ 

i 

163 

1x8 

121 

5 


20 . 

26. 

31- 


20 , 

26. 

31. 


20 . 

26. 

31. 


20 

26 

31 


20 

26 

31 


20 

26 

31 


.20 

26 

31 


24^ 

22 * 

17* 


Dry \vt. of tops (gm.) 


Wt. per stem (mg.) 


Dry wt. of tops per root (mg.) 


2.19* 

0.85I 


3.81* 

0 Sgt 

13-73 

4-781 


15.47* 

2.46* 

.71- 


1.74* 

§ 

9.68* 

I . 26' 


7. So* 

0.64* 

0.36- 

_j 

0.71* 

§ 

9.80* 

1.41- 


3.12* 


/■'■■lit ' 

14* 

8t 

70* 

22t 

71* 

I 4 t 

7 * 

1 

51* 

I 3 t 

58* 

8t 

S* 

§ 

60* 

I2t 

26* 


1 .90’' 

1 . 2ot 


104* 

13s* 

128* 

57’ 

71- 

72' 


93* 

76* 

65* 

8it 

§ 

§ 

270* 

320* 

360* 

ISO’ 
130' 
1 80' 


430* 

340* 

170* 

i3ot 

isot 

§ 

Relative no. of stemsj 

150 

83 

186 


196 

100 

133 

68 

200 

71 

121 

§ 

187 

50 

135 

33 

125 

45 

no 

§ 

104 

40 

90 

§ 


I3t 

9- 


^ Based on total top yield. 

t Based on top yield produced after clipping on October 2. 
t Number of steins on November 12 as percentage of number on September 17. 


§ Dead. 
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TABLE 4 — Continued 


related primarily to the strong inverse in the greenhouse clipping experiment 
correlation of root weights, both total (table i) was no doubt in part caused by 
and individual, with soil temperature, the removal of photosynthetic tissue 
The adverse effect of clipping upon root with consequent reduction in the synthe- 
growth is indicated by a comparison of sis of carbohydrate at the same time that 
the top-weight/root-weight ratios in the the roots were subjected to high daytime 
clipped series with the undipped series soil temperatures bringing about an in- 
(table 4). creased rate of respiration. 

In this experiment soil temperature 
exerted relatively greater control over Shading 

root development than it did upon Three divisions of the same twenty- 
growth of the tops. Under the condi- three clones used in the greenhouse clip- 
tions of this experiment, adequate mois- ping experiment were used in an experi- 
ture was supplied to all plants, and the ment on shade tolerance set up at the 
tops probably did not suffer water de- same time. The plants grew in the full 
ficiency because of inadequate root sys- natural light of the greenhouse until June 
terns, even at the highest soil tempera- 30, 1946, and were then apparently well 
ture. Under field conditions, however, established. They were then clipped back 
such limitation on root growth with the to a height of 2 inches but were not 
advent of warm soil temperatures ac- clipped thereafter. They were watered as 
companied by lack of moisture in the necessary, and each plant was given 192 
upper layers of soil would not be condu- ml. of nitrate solution on May 4, 1946, 
cive to the survival of this species in on September 5, 1946, and on April 3, 
competition with better adapted species, 1947. Series C remained in the full green- 
especially if grazed or mowed simultane- house light ; series i was shaded by a 
Gusly. The lack of vigor observed in the single thickness of unbleached sheeting 
plants clipped during the summer of 1946 of a t37pe used for shade-grown tobacco. 



Clone 

te:mpera- 

TURE 

(0 



26 

4 

ir 


Undipped 

Clipped 

Undipped 

Clipped 

1 Undipped 

Clipped 

Undipped 

Clipped 


Total top wt. /total root wt 



20 

2,6* 

3-3* 

2.9* 

7.1* 

2.6* 

5-9* 

3.6* 

10.8* 

26 

3.1* 

7.0* 

3-3* 

§ 

5.0* 

13.0* 

s-s* 

15-2* 

31 

5.8* 

13.2* 

4.2* 

§ 

9.9* 

25-3* 

7.2* 

§ 


Wt. per stem/wt. per root 


20 

1 1 


IQ 


10 


22 


26 

19 


36 


'K2 




3^ 

43 


59 


60 


32 









47 
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and series 2 by a double thickness. The 
average values of approximately simul- 
taneous light readings made with a 
Weston Sunlight Meter during the course 
of this experiment were; outside, 5233 
foot-candles; greenhouse, 2417 f.-c.; un- 
der one thickness of sheeting, 731 f.-c.; 
under two thicknesses of sheeting, 251 
f.-c., or a ratio of approximately 
100:46:14:5. 

By September 27 only four clones had 
survived in series 2. At the termination 
of the experiment on June 2, 1947, all 
series 2 plants had died, but ten clones 
were still surviving in series i. The clones 
which survived longest under the double 
thickness of cloth were among those sur- 
viving under the single thickness almost 
8 months later. Six of the plants in series 
C had died by the termination of the ex- 
periment. Two of these were clones that 
survived in series i, though not in series 
2, and the other four died at about the 
same time as they did in series i. Al- 
though the light intensity in the green- 
house was less than half that in full sun- 
light, some factor or factors other tban 
low light intensity must have been the 
cause of death in most series C plants, as 
all but one died during the summer and 
fall of 1946. The same conditions of high 
air temperatures and infestation with 
greenhouse pests enumerated in the 
greenhouse clipping experiment prevailed 
during the course of this experiment and 
made growing conditions for all series 
decidedly adverse. The initial clipping 
and consequent limitation of photo- 
synthetic tissue in all series, coupled with 
high air and soil temperatures and low- 
ered light intensity, were quite favorable 
for a high rate of respiration and limited 
production of photosynthate. 

Watkins (ii) found in a field experi- 
ment with B. inermis that a reduction of 
light intensity to 300-800 foot-candles 


brought about a decrease in the number 
of shoots, number of rhizomes, number of 
fertile shoots, and dry weight of all plant 
parts, and an increase in the number of 
elongated internodes and in height of the 
plant. The effects of shading in the pres- 
ent experiment suggest inherent differ- 
ences in the shade tolerance of the differ- 
ent clones. There seemed to be little cor- 
relation of shade tolerance with latitude 
of origin, since one of the surviving clones 
in series 2 had its origin in Washington, 
Kansas, and one in Saskatchewan. Nei- 
ther did there seem to be any correlation 
with growth habit, as clones that were 
characteristically creepers as well as 
those that were bunch types were found 
among both the surviving and the dead 
plants in all series. 

Under field conditions, where the 
plants grow close together and competi- 
tion for light as well as for mineral nu- 
trients and water is keen, those individ- 
uals that were not tolerant of shading 
would most certainly be crowded out. 
Ability to withstand shading, although 
of selection value in a field of pure brome 
grass, would be even more important in 
mixed fields of brome and alfalfa in 
which the presence of shade-tolerant 
strains might well determine the survival 
of brome grass in the mixture. 

Soil volume 

Equal divisions of four different clones 
which had been growing in the garden 
were planted in containers of seven dif- 
ferent types and sizes on August 29, 
1946, in an attempt to find what effect 
soil volume might have upon vegetative 
growth under greenhouse conditions. 
Tops and roots were trimmed as little as 
possible in transplanting, and all condi- 
tions under which the plants were grown 
were similar except the volume of soil in 
the different containers, the shape of the 
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containers, and the material of which the 
containers were constructed (table 5). 
Although each plant was given water as 
seemed to be necessary, rapid evapora- 
tion through the walls of the smaller 
unglazed clay pots probably removed the 
available water from the outer part of the 
soil mass so rapidly that the plants in 
these containers did not have sufficient 
moisture available to them at all times 


over the surface of the soil, with some 
emerging from the space between the 
soil and the edge of the container. Root 
distribution was somewhat less uniform 
and was different for different clones, 
though in general the roots were well dis- 
tributed throughout the soil in the larger 
containers and tended to be concentrated 
around the bottom and sides of the 
smaller ones. The roots of all clones in the 


TABLE S 

Results in Soil-volume experiment 


Container 

Relative soil 
volume I 

Original stem 
count 

1 

Final stem count | 

Final stem count 
as % of original 

Total top wt. (gm.) j 

I 

Top yield per orig- 
inal stem (gm.) 

Av. wt. of each 
stem (gm.) 

Total root no. 

Total root wt. 

(gm.) 

Av. wt. of each 
root (mg.) 

1 

Roots per stem 

Top yield per root 
(mg.) 

Wt. per stem/ 
wt. per root 

12 -in. square 
■wooden box. 

j 

12 

22 

150 

682 

1 

35-13 

1.6 

1 0.23 

754 

3.42 

7-2 

‘ 6.5 

5-0 

4-7 

32 

1 2 -in., deep 
clay pot* . . , 

10 

26 

139 

S 34 

38.92 

I-S 

! .28 

795 

8. 98 

11-3 

4-3 

5-7 

4.9 

25 

S-inch, glared 
crock t 

4 

28 

^33 

475 

38.36 

1.4 

1 .29 

880 


9-3 

4.7 

6.6 

4.4 ' 

31 

lo-in., deep 
clay pot*. . . 

5 

26 

1 14 

1 439 

28.93 

I . I 

•25 

590 

8. II 

13-7 

3-6 

5.2 

4.9 18 

lo-in., shallow 
clay pot*. . . 

2 

27 

Ss 

[ 

i 315 

13.66 

0.51 

.16 

457 

3-74 

8.2 

3-7 

S -4 

! 

3.0 20 

8-in., deep clay 
pot* 

2 

26 

79 

I 304 

18.98 

0.73 

.24 

491 

7-42 

IS -I 

2.6 

6.2 

3-9 

16 

6-in., deep clay 
pot* 

I 

25 

77 

308 

14-73 

0-59 

0.19 

421 

5-68 

13-5 

2.6 

5-5 

3-5 

14 


Standard greenhouse pots, sides tapering to base. 


for maximum growth. Nitrate solution 
was applied to all plants on October 15 
and November 27 at the rate of 100 ml, 
per unit of soil volume (volume of 6~inch 
clay pot taken as unity). Since the appli- 
cations had no apparent effect upon the 
vigor of the plants, nitrogen deficiency 
which could be so corrected was probably 
not a limiting factor in any container. 
The plants were harvested on December 
10, 1946, and data were obtained on the 
oven-dry weights of tops and roots and 
on root numbers (table 5). 

In all containers the emergent stems 
at final harvest were scattered at random 


1 10 inches deep, sides parallel. 


8-inch glazed pots were well distributed 
through the soil. 

The results in table 5 are an average of 
the values for the four clones at final 
harvest. With the exception of the 8-inch 
glazed container, in which results were 
similar to those in the 12-inch unglazed 
clay pot, the columns express the results 
in order of relative volume of container. 
The final stem count was positively cor- 
related with soil volume as was the per- 
centage increase in stem number. The 
dry top weight was much lower in the 
smaller soil volumes, but the trend was 
not so regular as with stem numbers. 


I'Mmu 

1 ' ' r : 

1 •It'*; : I 
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The top yield per original stem was also 
somewhat proportional to soil volume, 
although it was least in the lo-inch shal- 
low clay pot. The weight per final stem 
did not vary so significantly, though it 
was highest in the 8 -inch glazed pot and 
lowest in the lo-inch shallow clay pot. 

Total root number showed no regular 
relation to soil volume but was greater 
in the larger contamers and was largest 
in the 8 -inch glazed pot. The second larg- 
est total root weight was also produced 
in the 8 -inch glazed pot, which had a rela- 
tively low soil volume. Dry root weight 
in^ general showed no correlation with 
soil volume, nor did the weight of each 
root, but the top-weight/root- weight 
ratio in general was somewhat propor- 
tiona,! to soil volume because of the cor- 
relation of top weights with the latter. 

The number of roots per stem was 
fairly constant, regardless of the size of 
the container. The top yield per root and 
the weight-per-stem/weight-per-root ra- 
tio trended with soil volume. 

In summary, in contrast to the relative 
lack of correlation between root data and 
soil volume, the tops of the plants 
showed a direct correlation of total stem 
numbers and total weight with soil vol- 
ume (table 5). This positive correlation is 
also primarily responsible for the direct 
correlation of soil volume with the top- 
weight/root-weight ratio, the weight- 
per-stem/weight-per-root ratio, the top 

yield per root, and the top yield per 
original stem. 

In all the unglazed clay containers the 
top ^owth was in direct proportion to 
the size of container, but in the glazed 
crock the top growth far exceeded that 
attained in a slightly larger unglazed 
clay pot and was almost equivalent to 
that attained in a clay pot two and a half 
times as large. It would thus seem ad- 
visable to use glazed pots wherever pos- 


sible in preference to unglazed clay, and, 
if unglazed clay pots must be employed' 
to use the largest ones possible. The limi- 
tation placed upon top growth by the 8 - 
inch clay pots in this experiment would 
seem to indicate that container size was a 
limiting factor in both the greenhouse 
clipping experiment and the shading ex- 
periment. 

Discussion 

Based upon the results of these experi- 
ments, certain general recommendations 
can be made with respect to the culture 
of B. inermis under greenhouse condi- 
tions. Since high soil temperatures had 
very adverse effects upon root growth, 
especially when photosynthesis was cur- 
tailed either by removal of leaf tissue or 
by shading, it would seem advisable to 
use large pots and to surround them with 
sand, peat moss, or some other insulating 
substance to reduce to a minimum the 
heating effect upon the soil of the ex- 
treme daytime air temperatures reached 
in summer. The results with containers 
of different kinds indicated that pot size, 
shape, and type might be an unforeseen 
Bmiting factor in many greenhouse ex- 
periments. A deep glazed pot of the larg- 
est size that is practicable with available 
space should be used. When it is neces- 
sary to carry greenhouse plants that have 
been weakened by experimental treat- 
rnent through natural low light intensi- 
ties comparable to those in winter in Chi- 
cago, the use of supplementary artificial 
illumination during the normal photo- 
period would seem advisable. 

However, it should be pointed out 
that, despite the relatively poor growing 
conditions in the greenhouse, the effects 
of two, one, and no clippings upon plants 
in the greenhouse, as measured by the 

percentage differences in top weights and 

stem counts in the three series, were 
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closely comparable to the effects of simi- 
lar treatments upon plants in the garden, 
even though absolute values for these 
criteria of growth were widely different 
between greenhouse and garden p lan ts 

Whereas a range of soil temperatures 
and clipping intensities showed stronger 
correlation with root growth than with 
top growth, soil volume exerted its ef- 
fects most markedly upon the tops. 

Summary 

1. Vegetative responses of diverse 
plants of smooth brome grass {Bromus 
inermis Leyss.) to variations in soil tem- 
perature, container size, clipping inten- 
sity, and shading were investigated in the 
greenhouses and garden of the Univer- 
sity of Chicago with plants derived from 
both clonal divisions and seed from diverse 
places of origin. The responses of the in- 
dividual plants were measured in one or 
more of the following ways: stem count; 
total oven-dry top weight; root count; 
and total oven-dry root weight. 

2. The effects of clipping upon plants 
of diverse origins were studied in three 
separate experiments: clipping in green- 
house (seventeen clones) ; clipping in gar- 
den (twenty-two clones) ; and clipping 
seedlings in greenhouse (three strains of 
diverse origin). Three series were run in 
the experiments on clones started in 
April, 1946: series C, control; series i, 
clipped once; and series 2, clipped twice 
in the 1946 growing season. Throughout 
the course of the experiments with clonal 
materials, which were terminated in 
June, 1947, stem counts were made and 
dry weights of clipped tops determined. 
Dry weights of tops and roots were de- 
termined for the seedlings. At the final 
harvest dry weights of tops and roots and 
the number of stems were inversely pro- 
portional to frequency of clipping. In the 


greenhouse experiment, where light and 
temperature as well as container size 
were limiting factors, the weight per 
stem did not seem to be affected by clip- 
ping, but in the garden experiment it was 
inversely correlated with frequency of 
clipping. It was further found that clip- 
ping was more adverse in its effects upon 
root growth than upon top growth and 
that the effect upon both carried over 
into the season following clipping. 

3. Divisions of four clones were grown 
at soil temperatures of 20°, 26°, and 
31° C. Greatest total top weight was 
produced at 20° C. in three clones of 
northern origin and at 26° in one clone of 
southern origin. At all temperatures the 
increase in number of stems was less in 
the clipped series than in the undipped, 
and the increase was inversely propor- 
tional to the soil temperature. One north- 
ern clone did not survive clipping at 
31° C., and another died at both the 31° 
and the 26° soil temperatures. The 
weight of single roots and the total root 
weight in each clone showed a much 
stronger inverse correlation with soil 
temperature than did total top weight. 

4. Three divisions of twenty-three dif- 
ferent clones were brought into the green- 
house from the garden and planted in 
8-inch clay pots in late April, 1946. One 
series was placed on a well-lighted bench 
in the greenhouse, another under a single 
layer of sheeting, and the third was 
placed under a double layer of sheeting. 
Relative light intensities were: outside, 
100; greenhouse, 46; one layer of cloth, 
14; two layers, 5. At the lowest intensity 
only four clones survived until the fall of 
1946. In the spring of 1947, when the ex- 
periment was terminated, ten clones 
were still alive under the single layer of 
sheeting, seventeen were still alive in the 
control series, but none had survived in 
the most shaded series. 
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5. Divisions of four clones were grown 
in unglazed clay pots of five different 
sizes, in 8-inch glazed pots, and in 12- 
inch-square wooden boxes. With the ex- 
ception of the plants in the glazed pots, 
the final stem count, oven-dry top yield, 
top yield per original stem, total root 
number, top-weight/root-weight ratio, 
top yield per root, and ratio of weight per 
stem/weight per root were directly pro- 
portional to the size of the container. In 
the glazed pots the plants were as vigor- 


ous as in clay pots two and a half times 
larger. 

The writer wishes to express his appre- 
ciation to Dr. Charles E. Olmsted for 
help and advice throughout the conduct 
of these experiments, and to Dr. Etlar 
L. Nielson, Dr. L. C. Newell, and Mr. 
George A. Rogler for clonal material 
and seed. 
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FLOWERING OF SMOOTH BROME GRASS UNDER CERTAIN 
ENVIRONMENTAL CONDITIONS' 

CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 688 



HAROLD J. F. GALL 

Introduction in the United States. In field trials at 

The increasing importance of smooth Lincoln, Nebraska, they noted distinct 
brome grass {Bromus inermis Leyss.) as a differences between plants originating > j 

forage crop and in reseeding denuded northern sources and those from t 

ranges has led to the necessity for more Nebraska and Kansas in vegetative 1 j 

accurate selection of types adapted to a growth and panicle production. Wide | 

wide range of latitudes and climatic con- differences among strains in their adapta- | 

ditions and to a program of developing ^Lis region were apparent. Evans .1 

improved strains. A knowledge of the Wllsie (3), in greenhouse experi- i 

conditions necessary for vigorous pro- i^cnts, found that three clones — early, 

duction of panicles and the setting and midseason, and late-maturing, respec- i! 

maturing of seed, both in the field and tNely— responded differently to changes ■ I. 

under greenhouse conditions, is needed “ daylength, temperature, and level of L 

for the efficient carrying-out of such fertility. Watkins (14), using seed of a ' |i 

work. In this study a series of clones of commercial strain from Saskatchewan, ' 

brome grass, representing various strains, concluded that brome grass was an inde- 

was examined with regard to these re- terminate species photoperiodically, in 

quirements, with especial attention to the sense of Garner (5), in that most 

the production of viable seed, and to de- fertile shoots were produced on natural 

termine to some extent the factors in- daylength. Allard and Evans (1), how- 

volved in the initiation of floral pri- ever, after finding no flowering on photo- 

mordia and their subsequent develop- periods of 10-13 hours and more vigorous 

ment. The experiments were carried on dowering with longer photoperiods be- ; 

at the University of Chicago during 1946 13 hours, assigned the species to the ! 

and 1947. long-day class. 

The wide mnge of yriation within the Material and method, ! ■ 

species has been recognized for many 

years. Waldron (13), in a study of sev- ^o insure genetic uniformity clonal 
eral thousand seedlings of brome grass in rnaterial was used in all experiments. ' 

North Dakota, found much variation in ^Ihe clones available at the time of exper- . 

physiological and morphological char- imentation provided a range of morpho- I'j 

acters. He noted a range from a strongly fcgical habit and place of origin.^ OM-i i 

“fertilclinous” condition to a strongly traces back to a plant selected for selfing 

“sterilclinous” one and a similar range in ^ Lulk lot of the Canadian variety, 
tillering habits. Newell and Keim (7) Parkland. OM-2 goes back to a Nebraska ; 

have reviewed the history of the species Material of all clones and data on their o rigin 

were supplied by Dr. Etlae. L. Nielsen, Division 
^ This work was aided in part by a grant from of Forage Crops and Diseases, Bureau of Plant 
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strain, B-4. OM-3 is a selfed line out of 
PI 115331 from Leningrad, Russia. Cl 3 
represents the isolation of the better 
plants from PI 115334 from Leningrad. 
Cl 8 is an isolation from FC 22435 (origi- 
nal source not known at the time of writ- 
ing). Cl 9 is an isolation from PI 101647, 
received from Manchuria. The origin of 
Cl ig and 65 is not known. Cl 23, 27, 31, 
and 84 are all selected plants from bulk 
lots of Parkland seed. 914-1 is from the 
first inbred generation of a plant of the 
Parkland variety. The plants used repre- 
sent the species over a latitudinal range 
of approximately 20 ^. 

Equal divisions of each clone were 
made from plants previously established 
in the experimental garden and were 
planted in 8-inch unglazed clay pots. 
The soil used was a heavy clay loam of 
prairie origin, lightened with a mixture 
of sand and fine gravel. It undoubtedly 
contained a supply of mineral nutrients 
adequate to prevent deficiencies during 
the course of the experiments. Ten days 
after potting, all plants had shown vigor- 
ous growth. They were watered as often 
as was necessary to keep the soil con- 
stantly moist. 

Supplementary light in experiments I 
and II was supplied for all except two 
series by banks of twelve 40-watt fluores- 
cent lamps of the “Daylight” type 
mounted 2I inches apart on a white- 
enameled reflecting board. These gave a 
light intensity of about 800 foot-candles 
at a distance of 10 inches below. Lights 
were raised periodically as the plants 
grew. Pots containing plants of slower 
growth were elevated individually to 
keep the general foliage level of a series 
fairly uniform. 

In experiment T in 1946, two of the 
series, designated 17M and isM, were 
given supplementary light from 200-watt 
incandescent-filament lamps mounted in 


individual reflectors. Light intensity at 
plant level was about 150 foot-candles. 
These two series were placed on movable 
trucks and received natural daylight for 
9 hours in the open greenhouse and arti- 
ficial light for 8 and 6 hours, respectively, 
after being moved into ventilated light- 
proof sheds. 

Three of the series in 1946 were grown 
on a greenhouse bench with the banks of 
fluorescent lamps suspended above them, 
and the lights were kept burning through- 
out the light period. Black cloths, coated 
white on the inside surface, were hung 
from each reflector to inclose the plants 
during the dark period. These were 
opened on the side to tlie south during 
the day, and on sunny days the reflectors 
and cloths were raised to allow maximum 
and equal illumination of all plants. 
Temperatures inside the cloths were 
found to vary considerably, long photo- 
periods resulting in higher temperatures; 
consequently, later experiments were run 
in the sheds or in the open greenhouse 
without the inclosing cloths. 

Flowering response was evaluated by 
noting the first exsertion of the inflores- 
cence from the ensheathing leaves and by 
the later development and vigor of pani- 
cles. In,' some cases the status of the 
apical meristem in respect to vegetative 
or reproductive condition 'was deter- 
mined by dissection and microscopic ex- 
amination. Vegetative res]ionse was eval- 
uated mainly by maximum height of 
plants, number of new tillers produced, 
number of tillers showing elongation, and 
dry weights of roots and toi:>s at final 
harvest. 

ExperimeEtation 

Ex'PEEiment I. — 'Twelve ' dormant 
plants were brought into the greenhouse 
on January 10, 1946, and on January ii 
small pieces of rhizomes, fairly uniform 
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as to si^e and condition of growing 
points, were planted in individual pots. 
They rapidly resumed growth, and on 
January 22 one pot of each clone was 
placed under each of six treatments. 
Three photoperiods — 17, 15, and 13 
hours— were used with fluorescent light, 
and two photoperiods — 17 and 15 hours 
—with incandescent-filament light. A 
series (iV) was also run on natural day- 
length and light intensity. 

Air temperatures given in table i rep- 
resent averages of measurements over 
the course of the experiment, which was 


TABLE 1 

Air TEMPER.A.TURE (IN ° F.) AT PLANT 

LEVEL. Experiment! 


Series 

Av. min. 

Av. max. 

Range 

Mean 

1 7 -hour. 

68.6 

8 s -3 

69-90 

77.0 

IS-....;... 

66.5 

84.8 

62-89 

75-7 

13 • 

66.2 

82.3 

62-90 

74-3 

17M 

I 63.3 

75.2 

55-79 

69.3 

isM . 

58-3 

69,8 

51-74 

64. 1 

N 

63-7 

70.8 

s 8 -go 

67-3 


terminated, except for the N series, on 
April 18, 1946. 

Flowering response, as based on the 
date on which the first inflorescence was 
exserted in each plant, is shown in table 
2. An thesis followed in approximately 14 
days in all cases, with the exception of 
the weak or sterile panicles. Six of the 
twelve clones flowered on 17-hour photo- 
period; four of these six flowered also on 
15-hour photoperiod, though less vigor- 
ously and from 5 to 26 days later. Five of 
the sLx flowered also on 13-hour photo- 
period, in addition to two clones that 
flowered only on this light period. In- 
florescences on 13-hour plants were at 
best of only fair vigor in comparison with 
1 7-hour plants. Three of the controls on 
natural daylength flowered, though poor- 
ly and from 34 to 44 days later than on 
17-hour photoperiod. 


Differences in vigor of growth and 
flowering between the 17-hour series un- 
der fluorescent and under incandescent- 
filament light were marked. Five plants 
of the latter series flowered, producing 
rather poor panicles from 4 to 21 days 
later than the plants of the same clones 
under the higher light intensity of the 
fluorescent lamps. The 15M series was 
inferior in all respects to any of the 

TABLE 2 


Number of days until flowering after 
beginning of photoperiodic 

TREATMENTS ON JANUARY 22 


Clone 

Series 

17 

IS 

13 

N j 17M 

I 

iSM 

OM- I...... 



68 




2 






3 

23 

24 

28 

37 * 

30 


33 * 

28 

47* 

46* 

Cl 3 

8 

68* 

g 

17 

28 

33 



38 

38 


19 

54 

56*. 



23 




27 

22 

48* 

38* 

56* 

28* 

46* 

31 

65 

21 

28 

2 h * 

S6* 



84 











* Poor and sterile panicle. 


others. Three plants exserted inflores- 
cences in 46 days, but they were of insuf- 
ficient vigor to reach anthesis. It is em- 
phasized that the 17M and 15M series 
received only natural daylight for 9 hours 
of the photoperiod, while the series under 
fluorescent light received artificial light 
continuously during the photoperiod. 
Considering the many very cloudy days 
of the Chicago winter as well as the rela- 
tively low intensity of the supplementary 
incandescent-filament light, the total il- 
lumination of the M series was undoubt- 
edly below the minimum required for 
normal growth. The lower range of tem- 
peratures (table i) to which these plants 
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were exposed during the period of experi- 
mentation was probably another factor 
contributory to their lack of vigor. 

No seed was matured by any plants, 
although the panicles produced by the 
17-hour plants under fluorescent light 
appeared to be vigorous and the pollen 
under microscopic examination to be 
normal. It was thought probable that the 
high temperatures resulting from inclos- 
ing the plants and lights with heavy 
lightproof cloth were responsible for this 
failure. Further experiments were modi- 
fied to provide better control of this fac- 
tor. 

In vegetative response there were 
marked differences among treatments 
under fluorescent lights. The twelve 
clones, at the time of harvest on April 18, 
had produced totals of 74, 56, and 26 
elongated tillers on 17-, 15-, and 13-hour 
photoperiods, respectively. Numbers of 
unelongated tillers were inversely cor- 
related with photoperiod, with totals of 
97, 146, and 218. Total numbers of tillers 
171, 202, 244 — ^were also inversely cor- 
related with length of the light period. 
Maximum height was measured from the 
soil surface to the tip of the longest leaf 
or inflorescence and was directly cor- 
related with length of photoperiod for 
most clones, the averages being 66.6, 
55.6, and 50.0 cm., respectively. These 
differences were clearly reflected in the 
general aspect of the plants (figs. 1-3) . 

Comparable data for the 17M and 
iSM series, respectively, are: elongated 
tiUers, 44 and 15; unelongated tillers, 37 
and 121; total tillers, 81 and 136. They 
show clearly the limited growth made 
under low light intensity and average 
low temperature in these series in con- 
trast with those under fluorescent lights, 
and also the effect of the longer photo- 
period in inducing elongation of tillers. 
Total numbers of rhizomes for the 


twelve clones showed no apparent influ- 
ence of photoperiod but a strong influ- 
ence of light intensity and temperature. 
The 1 7-, 1 5-, and 13-hour plants pro- 
duced a total of 40, 39, and 41 rhizomes, 
respectively, while the 17M and isM 
series produced only 5 and 6. 

Experiment II.— In this experiment 
plants were brought into the greenhouse 
from the garden at two different times, 
on August 31, 1946, and again on Decem- 
ber 27, to test the effect of exposure to 
low temperatures and of long establish- 
ment in the pots on floral initiation and 
emergence. Six of the clones used in ex- 
periment I were used. Of these, Cl 9 and 
Cl 27 had flowered readily on long photo- 
period, OM-i and Cl 23 had flowered 
only on a short light period, and OM-2 
and Cl 84 had not flowered on any treat- 
ment (table 2). Four divisions of each 
were made on each date. Large pieces of 
entire plants were used for each division 
rather than single rhizomes. 

_After potting, the August plants were 
trimmed of dead parts and old sterile 
culms but otherwise left intact. They 
were kept on natural daylength in the 
greenhouse until differential treatment 
was begun on January 7, 1947. During 
this period they were given several hours 
of artificial light on very cloudy days to 
prevent too great loss of vigor; this was 
supplied without extending the photo- 
period. Growth during September to 
January was limited, and most of the 
plants had declined perceptibly in vigor 
by the time treatments were begun. 
Food reserves for further growth were 
thus probably low, and the response of 
these plants to photoperiodic treatments 
in contrast to that of the December 
plants may have been conditioned by 
this fact as well as by lack of pre-chilling. 

On January 7, two series, each includ- 
ing August and December plants, were 


I 



I IGS. :-3. Clonal divisions of smooth brome grass grown from single rhizomes brought into greenhouse 
on January lo, 1946. Af ter January 21 they were subjected to {hft to right ) : Chicago natural daykngth and 
ght intensity (senes N)\ 17 hours of relatively low light intensity (series 17M); 13, 15, and 17 hours of 

Sril'tiS) ° ^ '7 ffhlShed 
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plfl-ccd on movEblc trucks in lightproof 
sheds. Banks of twelve 40-watt fluores- 
cent lamps as described above were used 
to provide 18- and 13-hour photoperiods. 
On sunny days the trucks were moved 
out of the sheds to provide maximum 
light intensity throughout the light pe- 
riod. In addition to a series on nat- 
ural daylength and light intensity in an- 
other greenhouse room, an additional 
18-hour series (18C) was run under 


TABLE 3 

Air temperatures (in ° F.) at plant 
LEVEL. Experiment II 


Series 

Av. min. 

Av. max. 

Range 

Mean 

i8-hour. . . . 
18C 

67.0 

66.8 

63.8 

66.6 

74.3 

74-3 

72.6 

74-1 

63-82 

57-87 

70.7 

70.6 

68.2 

13 


55-79 

59-88 



70.4 


fluorescent lights in still another green- 
house room as a check on conditions in 
the sheds. 


Of the August plants, all on 18-hour 
photoperiod showed marked tiller elon- 
gation (figs. 4-6), but no inflorescences 
were produced. Stem tips of these plants 
were examined at the close of the experi- 
ment on March 29, and all were found to 
be vegetative. 

Tiller counts were made of all plants 
on January 23 and again on March 26 
(table 5). For the August plants, aver- 
ages of increase in tiller number in the 2 
months for the two 18-hour series were 
lower for each clone than for the 13-hour 
series. Tiller counts for the December 
plants showed less correlation with 
length of photoperiod. This may perhaps 
be attributed to the shorter time avail- 
able to these plants for becoming estab- 
lished in the pots before being placed 
under the lights. Relatively, the N series 
produced most new tillers and the 13- 
hour series the least. 

TABLE 4 


Temperature data (table 3) indicate a 
much better control of this factor than in 
1946. 

Flowering data are given in table 4. 
Of the plants brought in on December 27, 
all clones flowered on 18-hour photo- 
period within 26 days. Anthesis followed 
about 2 weeks later. There was good 
agreement between the 18 and 18C se- 
ries. One clone, Cl 9, flowered on 13-hour 
photoperiod, 20 days after first flowering 
on long photoperiod. Series 18, 18C, and 
13 were terminated on March 29. None 
of the control (N) plants had flowered by 
June ij although the same clones then 
outdoors had done so, as they also did 
when brought into the greenhouse on 
April 14 and left on natural daylength. 
This contrast in plants differently treated 
on natural daylength is further evidence 
that exhaustion of carbohydrate reserves 
may be a factor involved in failure to 
flower under greenhouse conditions. 


Number of days unte, flowering after be- 
ginning OF .PHOTOPERIODIC TREATMENTS 
ON January 7. December plants 



Average maximum heights on March 
21 for series i8, i8C, 13, and N, respec- 
tively, were; August plants, 69, 74, 43, 
and 34 cm.; December plants, 79, 83, 53, 
and 38 cm. Height was thus greatest in 
the 18-hour plants and least in the N 
series. December plants were taller than 
August plants on 18-hour photoperiod, 
as in most cases the flowering culms 
overtopped the vegetative tillers of the 
latter. 
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Dry weights of tops (table 6) of the 
August plants were greatest; in the 18- 
hour series; of roots, in the, 13-hour se- 
ries, The plants were cut off at the soil 
surface, and all below-ground parts were 
evaluated together as roots with no at- 
tempt to distinguish rhizomes and stem 
.'bases,' 

The December plants showed trends 
similar to those of the August plants in 
regard to dry weights. Their absolute 
weights were somewhat greater; since the 
initial divisions in August and December 
were approximately equal, this may re- 
flect the failure of the August plants to 
grow vigorously after being brought into 
the greenhouse. 

Four other clones that were still avail- 
able, namely, Cl 8, 19, 31, and 65, and a 
new plant, 914-1, were also brought in 
during December and were subjected to 
somewhat similar treatments as the 


TABLE 5 

Percentage increase in number of tillers 
PER PLANT, January 23-MARCH 26 


Plants 


Series 


IS 

18C 

13 

N 

August 

13-7 1 

36.2 

42.8 

77.8 

December 

27.7 1 

38.6 

27.1 

68.6 


other six. Results were substantially in 
agreement. Clone 914-1 was the only 
plant of this group to bloom on 13-hour 
photoperiod after 39 days. It also 
bloomed on the 18-hour photoperiod af- 
ter 21 days. 

Imilure to obtain the production of 
seed in experiment I was a principal rea- 
son ff>r repeating the work in a revised 
form. In 1947, panicles of different clones 
were shaken together when in anthesis to 
insure pollination, since the species has a 
high degree of self-sterility (2). Artificial 


light was supplied until it was evident 
that the panicles were mature. Under 
these conditions, most of the 18-hour 
plants which had flowered 'also formed 
seed which produced vigorous seedlings 
when planted. 

Experiment III.*— An important 
point in regard to the flowering of brome 
grass to be determined was the time of 
initiation of observable floral primordia 
in the Chicago area. To ascertain this, 


TABLE 6 

Dry weights (gm.) of plants harvested 
March 29. Averages only 


■ 

■ 

Plants | 

. 

! 

18-HOUR 

13-HOUE 

Tops 

Roots 

Tops 

Roots 

August. i 

8.83 

10.30 

7*49 

9.19 

6.88 

6.09 

8.97 

9-56 

December 



stem tips of plants of the eleven clones 
still in the garden in 1947 were dissected 
out periodically during the spring after 
growth had been resumed. Floral pri- 
mordia were first discovered on Cl 9 on 
April 8, on OM-i, Cl 27, Cl 84, and 
914-1 on April 9, on Cl 23 on April 10, 
and on OM-2 on April 14. In all cases the 
reproductive growing points were lo- 
cated at or near the ground level in 
unelongated shoots 20 cm. or more in 
height. The spring of 1947 was abnor- 
mally cold, and these dates may be con- 
siderably later than the average time of 
initiation. 

To determine to some extent the con- 
ditions necessary for the further develop- 
ment and elongation of the inflores- 
cences, plants of these seven clones were 
brought in on April 14, potted, and put 
on 13-hour photoperiod, receiving 9 
hours of natural daylight in the open 
greenhouse and 4 hours of supplementary 
light supplied by three 30- watt fluores- 



4 




hours ^LeftSd^nl of^lach 6. I947, on photoperiods of 13 

August 31, Z946; right-hand Tv 

d:v, sronsweremuchiargerthanforplants shown in figs. r-a/cpLEjaffi^ 
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cent lamps in the shed. On the basis of 
the samples dissected, the majority of the 
larger tillers on all clones were then in the 
reproductive state. By May 12 clone 
9 14- 1 had produced several very de- 
pauperate inflorescences, and, by May 
18, OM-i, Cl 9, and Cl 84 had produced 
completely barren elongated culms. On 
June 3 the remainmg plants of this group 


that none of the tillers on the section 
brought in were reproductive on April 
14. 

These observations are in contrast to 
the behavior of divisions of clones Cl 23 
and 914-1 also brought into the -green- 
house on April 14 and allowed to grow 
under the increasing natural photoperi- 
ods. Tillers of these, dissected on April 






on 13-hour photoperiod were examined 23, were found to have inflorescences up 
by flissection. Cl 23 had several tillers to ii mm. long with branches well devel- 
with panicles well developed and nearing oped. One plant flowered on May 2 with 
exsertion, but the branchlets of the pani- normal panicles, and all were in bloom 
cles were brown and withered except for by May 14. This is in sharp contrast to 
the lowermost two or three, which were the failure of the N series of experiment 
still green. About six intemodes had II to flower on the even longer photo- 
elongated in pch tiller examined. Cl 27 periods of late May and early June. It is 
was in a similar condition but with in- possible that the N plants required a 
florescences less developed. OM-2 showed longer period of chilling in order to 
only vegetative stem tips. This was a flower, comparable to that received by 
very small plant because of a lack of ma- the plants brought in on April 14. It is 
terial in the garden, and it is possible more probable, however, that the subjec- 
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tion of the December N series to the ad- 
verse effects of 3 months of dark and 
short but relatively warm winter days in 
the greenhouse was more significant than 
the amount of chilling, in view of the 
excellent flowering of the December 
plants on 1 8-hour photoperiod after the 
same amount of chilling. The failure of 
the August plants to flower on 1 8-hour 
photoperiod may also be attributed part- 
ly to the adverse effects of too long a 
period in the greenhouse in small pots 
with short photoperiods and low light 
intensity. 

Discussion 

The pronounced effect of the longer 
photoperiods in promoting culm elonga- 
tion and, under some conditions, the 
production of panicles in brome grass is 
in agreement with the results of most 
Other investigators. The differences in 
the amount of flowering and in the time 
required for flowering between the plants 
on long photoperiods and those on nat- 
ural daylength in winter were marked. 

That the effect of long photoperiods is 
not primarily or perhaps not at all re- 
sponsible for the initiation of inflores- 
cences is indicated. Attainment of the 
physiological condition resulting in the 
formation of floral initials as the first 
morphological sign of the reproductive 
state is with little doubt caused by a 
complex of factors. The interrelations of 
temperature with photoperiod have been 
examined for a number of species of 
plants (lo, 15). In the case of sugar 
beets, it has been found difficult to dis- 
tinguish the roles of the two factors, and 
induction of flowers under the influence 
of prolonged low temperatures and long 
photoperiods is tentatively regarded as a 
single process (9). In brome grass the im- 
portance of chilling in the process is prob- 
ably marked in many individuals in the 


species, even though in the clonal mate- 
rial used by Evans and Wilsie (3) some- 
of the plants brought in during October 
flowered well under certain conditions. 
The degree of chilling to which they had 
been subjected was unspecified. The need 
for chilling for floral initiation has been 
reported for other species of grasses. 
Some unspecified American work on 
cocksfoot is reported by Whyte (15), 
Plants grown for 6 months under a 16- 
hour photoperiod in a greenhouse pro- 
duced no heads; preconditioning by 
growing on short photoperiods and low 
temperature for 2-3 months resulted in 
flowering after removal to the 16-hour 
day. Whyte also reported (15) that a 
late-flowering strain of perennial rye- 
grass was induced to flower early after 
exposure to winter conditions in Wales 
followed by transfer to continuous light 
plus higher temperatures. 

Pre-chilling, however, is not invariably 
essential to flowering in brome grass. On 
July I, 1946, seven clones were observed 
in anthesis in the greenhouse, including 
three used in the present work — Cl 9, 65, 
and 84. These plants had been in the 
warm greenhouse since June, 1945. This 
plant of Cl 9, still in the greenhouse, 
flowered again in 1947, on June 20. The 
August plant of the same clone in the N 
series of experiment II also was in flower 
on June 20. The internal balance or pos- 
sible specifiG substances necessary to 
cause the change from the vegetative to 
the reproductive state apparently can be 
reached or formed through more than 
one complex of causes, in which tempera- 
ture, light, age of plant, nutrition, genetic 
factors, and others, may be operative at 
various levels to produce the same end 
result. 

The fact that floral primordia are 
formed by early April on brome grass in 
the field at Chicago indicates that a long 
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f photoperiod is not required for initiation 

during the season of flowering, whatever 
may be its role in the previous season. 
Knobloch (6) observed that on May i 
at Ames, Iowa, inflorescences are found 
near the ground level and are i-i.s cm. 
long. He stated that panicle primordia 
are initiated only in the year of anthesis. 
In northern Ohio the growing points of 
many perennial grasses remain vegeta- 
tive during late summer and fall; floral 
primordia become visible in April or very 
early in May of the following year (4). 
Whyte (15) concluded that it appears in 
England that “although grasses such as 
cocksfoot and ryegrass may be ripe-to- 
flower during the winter months (with 
no external evidence of this condition), 
the flower primordia are not laid down 
until March of the following year.’’ 

Long day, then, if it is an essential fac- 
tor in floral initiation in brome grass, 
^ must apparently affect the plant in one 
growing season and the physiological ef- 
fect be carried over to the next. It is not 
difficult to agree with Sharman, as 
quoted by Whyte (15), who doubted 
whether daylength is of importance in 
the change from the vegetative to the 
reproductive state in perennial grasses 
such as ryegrass or sweet vernal. 

Normal development and elongation 
of the culms and of the panicle initials, 
on the other hand, seem, in brome grass, 
jii to be definitely related to certain photo- 

, periods. This is evidenced both by its 
flowering on natural daylength as the 
season advances and by the experimental 
results. It is significant that the clones 
referred to above as flowering without 
pre-chilling did so only after the days 
had lengthened, though temperature 
conditions did not preclude flowering at 
any time of year. Also, when plants with 
floral primordia already present were 
^ placed on 13-hour photoperiods, exser- 


tion of the inflorescences was effectively 1 

inhibited in three clones, with only bar- 
ren or depauperate panicles produced in 
the four others tested. The degenerating 
state of the inhibited inflorescences was 
similar to that described by Tincker 
(ii), who found that plants of early 
timothy on 6-, 9-, and 12-hour photo- 
periods all produced tillers containing | 

young flowers checked in development |li 

and dying off. Sweet-scented vernal "5 

grass, prevented from flowering by 6- I 

hour photoperiod, had floral primordia | 

consisting of minute outer glumes inclos- | 

ing a group of meristematic cells. In the f 

Gramineae in general, he concluded, it is 
possible for the primordia (rachis and ;; 

glumes) to be laid down and develop- 
ment arrested at such a stage (12). 

Two clones of brome grass, OM-i and | 

Cl 23, flowered only on short photoperiod 
in experiment I and only on long photo- 
period in experiment II. Since, however, ; 

they flowered 45 and 30 days earlier, re- j 

spectively, on long photoperiod than on , ! 

short, it is reasonable to assume that the 
longer photoperiod is more favorable for 
the completion of reproductive activity. 

The fact that both OM-2 and Cl 84 
flowered on 18-hour photoperiod in 1947 
and failed to flower on a 17-hour photo- !n 

period in 1946 could be interpreted to :> 

mean that the lower critical limit for 
flowering of these clones lies between 17 
and 18 hours. However, it is perhaps I. 

more reasonable to believe that the large 
pieces of clonal material used in 1947 I 

were more representative of the state of ;; 

the entire plant at the time of bringing it 
in than were the single pieces of rhizome 
used in 1946. Growing-points of the seg- 
ments used in 1946 may not have been 
“ripe-to-flower” because of age, position 
on the plant, or other factor. 

Vegetative behavior under the condi- 
tions of these experiments was consistent 
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with that reported by others for brome 
grass (i, 3 j 14) and for other species of 
grasses (ij 8, ii, 15). Plants on short 
photoperiods tillered more abundantly 
than those on long photoperiods and 
showed little stem elongation. Shoots 
produced on short photoperiod were gen- 
erally decumbent or semi-decumbent, re- 
sulting in a rosette type of plant. On 
18-hour photoperiod marked elongation 
of sterile shoots occurred in the August 
plants of experiment II, so that at har- 
vest the plants closely resembled the 
types called “sterilclinous^’ by Waldron 
(13). This also occurred in the i8~hour 
December plants in two or three in- 
stances (fig. 6) in which sterile shoots 
continued growth after maturation of the 
panicles on other culms and finally over- 
topped the flowering stems. 

Growth and flowering responses of 
brome grass in these experiments showed 
no apparent correlation with place of 
origin of the clones. Differences of a few 
days in time of flowering cannot be held 
significant when the approximate nature 
of the data is considered. The thirteen 
clones behaved in a somewhat similar 
manner physiologically under the experi- 
mental conditions, in spite of their diver- 
sity in origin and habit, with the possible 
exception of the Manchurian clone, Cl 9, 
This plant was consistently the first to 
flower on long photoperiods and bloomed 
also on 15- and 13-hour light periods. It 
has flowered as well without precondi- 
tioning by chilling. Vegetatively it was 
the tallest of the clones and produced the 
greatest weight of both tops and roots. 

It is apparent that a combination of 
conditions is necessary to insure most 
vigorous growth, flowering, and produc- 
tion of seed of brome grass in the green- 
house in winter. In these experiments 
these ends were accomplished most suc- 
cessfully when the plants were brought 


in from the field after a period of chilling 
and were allowed to grow in the pots for 
only 10 days before being subjected to a 
relatively high intensity of supplemen- 
tary light and long photoperiods. Fairly 
large pieces of transplant material were 
more successful than single rhizomes. 

Summary 

1. Flowering and growth responses of 
thirteen diverse clones of smooth brome 
grass were studied in greenhouse experi- 
ments, supplemented by observations 
made on plants established in the field, 
conducted during the winter and spring 
of 1946 and 1947. 

2. In early 1946, clonal divisions, con- 
sisting of single sections of rhizomes, 
were grown on Chicago natural day- 
length and light intensity and on 17-, 1 5-, 
and 13-hour photoperiods under fluores- 
cent lamps providing relatively high 
light intensity and under incandescent- 
filament lamps providing relatively low 
light intensity. Flowering first occurred 
approximately i month after bringing 
the plants in from the field in early Janu- 
ary. Earliest and most prolific flowering 
and most vigorous vegetative growth oc- 
curred on 17-hour photoperiod under 
fluorescent light. The number of elon- 
gated tillers was directly, and of unelon- 
gated tillers inversely, correlated with 
length of photoperiod. Rhizome produc- 
tion was not obviously affected by photo- 
period but was strongly affected by light 
intensity. 

3. Plants were brought in from the 
field on August 31, 1946, and again on 
December 2 *] after exposure to low tem- 
peratures. Clonal divisions of both groups 
of plants, consisting of pieces of entire 
plants, were grown on 18- and 13-hour 
photoperiods under fluorescent lamps, be- 
ginning January 7, 1947, and on natural 
daylength. Flowering of the 18-hour De- 
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camber plants occurred in approximately ral daylength. Fully viable seed was pro- 
3-4 weeks after differential photoperiodic duced on the 18-hour December plants 
treatments were begun. One December under the relatively poor growing condi- 
plant on 13-hour photoperiod flowered, tions of a Chicago winter in the green- 
No December plants on natural day- house. 

length had flowered by June i. None of 4. Floral primordia were present on 
the August plants flowered under any plants growing in the field at Chicago in 
treatment, but all on long photoperiod early April. A 13-hour photoperiod in- 
showed marked tiller elongation. In- hibited their subsequent normal develop- 
crease in number of tillers was greatest ment and elongation, 
for the August plants on natural day- 5. The vegetative and flowering re- 
length, least for those on 18-hour photo- sponses showed no apparent correlation 
period. Of the December plants, the se- with place of origin of the clones, 
ries on natural daylength produced most 

new tillers, plants on 13-hour photo- The writer wishes to thank Dr. 
period least. Dry weights of tops of both Charles E. Olmsted for his interest and 
August and December plants were great- assistance throughout the course of this 
est in the 18-hour series, of roots in the work, and Dr. Etlar L. Nielsen for 
13-hour series. Height in both August furnishing the clonal material used, 
and December plants was greatest in the Department op Botany 
i8-hour series, least in the series on natu- University of Chicago 
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REACTION OF CERTAIN PLANT GROWTH-REGULATORS 
WITH ION EXCHANGERS 

• CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 689 
ROBERT J. WEAVER 


Introduction 

Several investigators have reported 
that 234-dichlorophenoxyacetic acid 
(2,4-D) and certain other plant growth- 
regulators are readily leached from soils 
(2, 3, 7). Nutman et al. (7) found that 
leaching equivalent to i .4 inches of water 
resulted in a loss of 2,4-D from the soil 
but that far greater volumes of water did 
not completely remove it. This would 
indicate that some 2,4-D may be ad- 
sorbed by the soil. Hanks. (3) studied 
rates of leaching of 2,4-D and its calcium 
salt from six types of soil and found that 
the two compounds were leached from 
any one soil at about equal rates, as 
shown by comparative toxicities of the 
leachates, but were differentially leached 
from the various soils. It was recently 
shown by Lucas and Hamner (5) that 
2,4-D is inactivated by adsorption on 
charcoal. Bean plants sprayed with a 
0.1% solution of sodium 2,4-dichloro- 
phenoxyacetate, which had been mixed 
and shaken with 1% activated charcoal, 
showed little injury. 

The degree of adsorption of several 
growth-regulators by certain ion-ex- 
change materials and also the readiness 
with which the compounds are eluted 
after having been adsorbed are reported 
here. Growth of plants in exchanger ma- 
terials containing an adsorbed growth- 
regulator was also observed- Such studies 
may help to explain why herbicidal 
growth-regulators vary in toxicity in dif- 
ferent soils and why the rates of leaching 
of the compounds from different soils 
may vary. A spectrophotometric method 


developed by Bandurski (i) for deter- 
mining growth-regulators in solution 
made possible c|uantitative studies of 
adsorption and leaching of such com- 
pounds which could heretofore be done 
only with difficulty when using bio- 
assays (6, 8). 

Material and methods 

The cation exchangers used were a 
resin exchanger (Amberlite IR-ioo), a 
carbonaceous exchanger (Zeo-Karb H), 
a synthetic sodium alumino-silicate (De- 
calso), and a processed glauconite (Zeo- 
Dur). The anion exchangers were amine 
resins (Amberlite IR-4B and De-Acid- 
ite). The Amberiites were obtained from 
the Resinous Products and Chemical 
Company, and other exchangers from 
the Permutit Company. Plereafter the 
word “Amberlite^^ is omitted when this 
type of exchanger is mentioned. 

> All cation exchangers were screened 
so that the size of the particles was small- 
er than 20 mesh but larger than 40 mesh. 
IR-IOO and Zeo-Karb H were stirred 
with s% hydrochloric acid, which was 
changed several times, for a period of 48 
hours, Decalso, Zeo-I)ur, and IR-ioo 
were treated with several changes of 4% 
sodium chloride or calcium chloride solu- 
tion over a period of 24 hours. The mate- 
rials were then washed thoroughly with 
distilled water until free of hydrochloric 
acid or the chloride salts. They were 
dried in an oven at 40"^ C. and then 
placed in tightly stoppered bottles. 

The anion exchangers were prepared 
by stirring with several changes of 5% 
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sodium carbonate solution over a 24-liour 
period. The materials were then dried 
for about 5 hours at 40^ C. and placed in 
tightly stoppered bottles. 

Moisture contents of the prepared 
materials were determined by heating 
|-gm. samples in an oven at 100° C. (ta- 
ble i) to make possible the calculation of 
the capacities of the various exchangers 
on a comparative basis. 

Six plant growth-regulators were used 
for experimentation : 2 ,4-dichlorophe- 
noxyacetic apid (2,4-D), ammonium 2,4- 
dichlorophenoxyacetate (NH42J4-D), cu- 


TABLE 1 

MOISTURE CONTENT OF EXCHANGE MATERIALS 


Exchange material 

Cycle 

% mois- 
ture 

Amberlite IR-ioo H 

H+ 

12.4 

Amberlite IR-iooNa 

Na+ 

5-6 

6. 0 

Amberlite IR-ioo Ca 

Ca^''' 

Zeo-KarbH.... 

H+ 

5.8 

Decalso , . 

Na+ 

7 • 6 

Zeo-Dur 

Na+ 

7. 6 

Amberlite IR-4B 

Anion 

10.6 

De-Acidite 

Anion 

36.6 



pric 2 ,4-dichlorophenoxyacetate [Cu- 
(2, 4-0)2], calcium 2,4-dichlorophenoxy- 
acetate [Ca(2, 4-0)2], 2,4,5-trichlorophe- 
noxyacetic acid (2,4,5-T), and isopropyl 
N-phenylcarbamate (IPPC). The 2,4-0 
was purified by running -it through sev- 
eral salt-acid cycles. Cu(2, 4-0)2 was pre- 
pared by causing an excess of an aqueous 
solution of NH4 2,4-0 to react with a 
solution of cupric chloride, and ’then 
washing the precipitate of Cu(2, 4-0)2 
free of ammonium chloride. Ca(2, 4-0)2 
was made by adding calcium chloride to 
an aqueous solution of NH42,4-0. The 
2,4,5-T and the IPPC used were from 
commercial sources and were assumed to 
be relatively pure. The purity of 2,4-D 
and its salts was confirmed by observa- 
tion of the molecular extinction values of 


the complexes as established with the 
spectrophotometer. 

The spectrophotometric method de- 
veloped by Baistourski (i) was employed 
to measure the compounds in solution. 
A quartz spectrophotometer, Beckman 
model DU, using a hydrogen discharge 
tube as the light source and silica sample 
cells, was employed. The absorption 
maximum of 2,4,5-T in water was located 
at 2,880 A and that of IPPC at 2,690 A. 
The absorption maximum of 2,835 ^ 
used for 2,4-D in water (i). 

Procedure for static trials 

Static trials were divided into two 
types: (a) those in which it was deter- 
mined how much of a compound an ex- 
changer material removed from a solu- 
tion and (b) those in which elution of 
regulators from exchangers was studied. 

In static trials 0.5-gm. samples of the 
exchanger were placed in 250-ml. Erlen- 
meyer flasks. Fifty milliliters of the ap- 
propriate solution were pipetted into the 
flask, which was then stoppered. The 
flask was allowed to stand for 48 hours 
with frequent shaking. At this time the 
concentration of the growth-regulator in 
the supernatant liquid was determined, 
and the amount of compound adsorbed 
or eluted was calculated. Each test was 
run in duplicate or triplicate. 

In elution studies the compounds 
were usually added to the exchangers byf 
dissolving the growth-regulators in 95% 
ethyl alcohol and shaking with the ex- 
changers for about 30 minutes. The alco- 
hol was then evaporated by placing the 
container in a circulating oven at about 
70° C. The growth-regulators were also 
added to exchanger materials by shaking 
the exchangers with aqueous solutions of 
the compounds. The amount of regulator 
adsorbed by the exchanger was calcu- 
lated by measuring the decrease in con- 
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centration of the compound in the super- 
natant liquid. 

Procedure dor leaching experiments 

Pyrex-glass tubes about 40 mm. in 
diameter and 2 5 cm. in height were used 
for studies of leaching (fig. i). The tubes 
were tapered at the lower end so that the 
bottom s cm. were about | inch in diam- 
eter. The exchanger bed in each tube, 
about 10 cm. in height, was supported by 
a plug of glass wool at the point of con- 
striction in the tube. A piece of rubber 


Fig. I. — Equipment for leaching experiments 

tubing about i| inches long and with a 
screw-type clamp was fitted over the low- 
er end of the leaching tube. A reservoir of 
liquid could thus be maintained above 
the exchanger material. 

After the exchanger material was 
placed in the tube, distilled water was 
slowly forced into the lower end of the 
tube until the level of water reached the 
top of the exchanger bed; the screw 
clamp was then closed. This backwash- 
ing was necessary in order to prevent 
presence of air pockets in the bed. After 
allowing to stand for 15 minutes, 55 ml. 
(a 2-inch column) of distilled water was 
added above the bed. The screw clamp 
was then opened so that a slow drip was 
obtained which allowed 55 ml of water 


to leach through in about 45 minutes, 
after which the clamp was closed. Dur- 
ing leaching the tubes were frequently 
rotated so that the flow rate would be 
uniform throughout the bed. All tests 
were run in triplicate. 

Experimentation 

The objective of one experiment was 
to determine the relative adsorptive 
capacities of six exchanger materials for 
six growth-regulators. Aqueous solutions 
of 0.000226 normality of 2,4-D (50 
p.p.m.), NH42,4-D, Cu( 2,4~D)2, Ca- 
(2,4-D)2, 2,4, 5-T, and IPPC were pre- 
pared. IPPC was considered to have a 
valence of one. Fifty milliliters of these 
solutions were added to 0.5-gm. samples 
of air-dry IR-ioo H, Zeo-Karb H, De- 
calso (sodium cycle), Zeo-Dur (sodium 
cycle), or De-Acidite. For IR-4B, 0.439- 
gm. samples were used. The amount of 
regulators adsorbed was determined, 
using procedures described for static 
trials (table 2). 

Data of table 2 indicate that IR-ioo H 
and Zeo-Karb H adsorbed much of the 
growth-regulators, while the Decalso and 
Zeo-Dur adsorbed little or none. The 
anion exchangers, especially IR-4B, ad- 
sorbed much of the growth-regulators. 
The IR-IOO H adsorbed almost equal 
micro-equivalents of 2,4-D and its salts. 
De-Acidite and IR-4B, however, ad- 
sorbed less of Cu( 2,4-D)2 than of 2,4-D, 
Ca(2,4-D)2, or IR-ioo H ad- 

sorbed less of 2,4,5-T than of 2,4-D or its 
salts but adsorbed much more IPPC. 
With the anion exchangers the situation 
was reversed; there was a relatively large 
amount of 2,4,5-T adsorbed and a small 
amount of IPPC. 

The results of this experiment showed 
that growth-regulators were strongly ad- 
sorbed by cation exchangers in the hy- 
drogen cycle but that little or no adsorp- 
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TABLE 2 

Adsorption of six plant growth-regulators by six exchanger materials 
Each figure is an average of three replicates 


Growth-regulator 

Micro- 
equiva- 
lents ad- 
sorbed 

Mg. ad- 
sorbed per 
l-gm. 
oven-dry 
exchanger 

% ad- 
sorbed 

Micro- 
equiva- 
lents ad- 
sorbed 

Mg. ad- 
sorbed 
per igm. 
oven-dry 
exchanger 

% ad- 
sorbed 

Micro- 
equiva- 
lents ad- 
sorbed 

Mg. ad- 
sorbed 
per 1 gm. 
oven-dry 
exchanger 

% ad- 
sorbed 


IR-IOO H 

Zeo-Karb H 

Decalso 

2,4-D. ........ 

5-78 

1.46 

Si-i 

II. 0 

2.58 

97-3 

0 

0 

0 

NH42,4-D 

S -97 

1.62 

52.8 

II. 0 

2.78 

97-3 

0 

0 

0 

Gu(2,4-D)2 

S -72 

1.64 

50.6 

II . 0 

2.93 

97-3 

0 

0 

0 

Ca(2,4-D)j 

6. 13 

1.68 

54 . 2 

II. I 

2.82 

98.1 

0. 27 

o- 70 

2-39 

2 , 4 ,S-T 

4.77 

1-39 

42.2 

II. 0 

2.98 

97-3 

0 

0 

0 

IPPC 

8.70 

1.78 

76.9 

II. 2 

2.13 

99.0 

0.4s 

0.87 

3-98 


Zeo-Dur 

De-Acidite 

IR-4B 

2 , 4 “D 

0 

0 

0 

5-23 

1.83 

46. 2 

905 

2-53 

80.0 

NH42,4-D..... 

0. 16 

0.041 

1. 41 

5.08 

1. 91 

44.9 

8.45 

2.55 

74-7 

Cu(2,4-D)2 

. 01 

.003 

0.09 

3.42 

1.36 

30.2 

7.70 

2.46 

68.1 

Ca(2,4-D)2 

.18 

.047 

I -59 

5-49 

2.08 

48.5 

8.60 

2.62 

76.0 

2 , 4 , 5 -T 

•73 

. 201 

6.45 

6. 17 

2.49 

54.6 

9.21 

2.99 

81.4 

IPPC 

0.43 

0.083 

3.80 

1.03 

0. 29 

9.1 

5-47 

1 . 24 

48.4 


tion occurred with those in the sodium 
cycle. Another experiment was per- 
formed to determine how much 2,4-!) or 
IPPC would be adsorbed by IR-ioo in 
the hydrogen, sodium, or calcium form. 
It was shown that much IPPC is ad- 
sorbed by all exchangers but that only 
the hydrogen form adsorbed much 2,4-D 
(table 3). Each test was made in dupli- 
cate. 

Another experiment was run to deter- 
mine whether a hydrogen exchanger ad- 
sorbs 2,4-D mainly by virtue of its prop- 
erties as an acid. Fifty-milliliter aliquots 
containing 40 p.p.m. of 2,4-D in the pres- 
ence of varying amounts of hydrochloric 
acid were added to 0.5-gm. samples of 
IR-IOO H. The solutions were adjusted to 
five different degrees of acidity. A series 
of blanks was run with acidulated water 
adjusted to the same pH as the solutions 
of 2,4-D. Much less 2,4-D was adsorbed 


when the pH of the solution was 3.3 than 
when it was 2.5 or lower (table 4). 

In another experiment in which vary- 
ing concentrations of 2,4-D were added 

TABLE 3 

Adsorption of 2,4-D and IPPC by IR-ioo H, 
IR-IOO Na, and IR-ioo Ca FROM 0.000226 N 
AQUEOUS SOLUTIONS OF THE COMPOUNDS 


Growth- 

% OF REGULATOR ADSORBED 

REGULATOR 

IR-IOO H 

IR-IOO Na 

IR-IOO Ca 

2,4-D.. 

S7-9 

0.44 

3-2 

IPPC 

81.4 

74-50 

70.0 


to o-s-gm. samples of IR-ioo H or IR-4B, 
the amount of 2,4-D adsorbed by the ion 
exchangers was approximately in direct 
proportion to the initial concentration of 
2,4-D (table 5). The percentage of 2,4-D 
adsorbed was about the same at all con- 
centrations used. 
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It was attempted to elute 2,4-D from 
IR-ioo H with 0.75 N solutions of HGl, 
NaCl, CaCh,or A1C13- 6H3O. The 2,4-D 
was put on the exchanger with alcohol so 
that there was about 1.5 mg. of 2,4-D per 
0.5 gm. of air-dry resin. The solutions 
were also added to exchangers which con- 
tained no 2,4-D. The latter were used as 
blanks. Each test was run in duplicate. 
It was found that the presence of the 
salts decreased the quantity of 2,4-0 
eluted as compared with that eluted by 
distilled water (table 6). Hydrochloric 
acid had little effect upon the amount of 
elution. Since it was thought that the 
method of application of 2,4-0 to the ex- 

TABLE 4 

Adsorption of 2,4-D by iR-ioo H in 

THE PRESENCE OF HYDRO- 
CHLORIC ACID 


Initial pH % of 2,4-D adsorbed 

3-3 52.4 

2 -S 89.4 

2.0 89.4 

1-7 93-2 

I • 4 - ••••■■ 89.4 


changer with alcohol may have affected 
its exchange properties, some 2,4-D was 
applied to the exchanger in aqueous solu- 
tion. When the exchanger containing 

2,4-D was shaken with a 0.75 N solution 
of sodium chloride, results similar to 
those shown in table 6 were obtained. 

Elution of 2,4-D from ion exchangers 
by use of anions of varying valences was 
attempted. Solutions of 0.685 normality 
of NaCl, Na2S04, and Na3P04-i2H20 
were prepared and were added to IR-ioo 
H or Zeo-Karb H containing, respective- 
ly, 1.5 or 2.5 mg. of 2,4-D per 0.5 gm. of 
air-dry exchanger. Each test was made 
in duplicate, and blanks were run on ex- 
changers containing no 2,4-D. Less 

2,4-D was eluted from IR-ioo H by the 
salts than by distilled water, and, the 
higher the valence of the anion, the small- 
er was the amount of 2,4-D eluted (table 


7). No 2,4-D was eluted from Zeo-Karb 

H. 

It was shown that IPPC could be elut- 
ed from IR-IOO H by 0.685 ^ sodium 
chloride. The growth-regulator was ap- 
plied to IR-IOO H or to Zeo-Karb H in al- 
cohol so that each contained, respective- 
ly, 1.5 or 2.5 mg. of IPPC per 0.5 gm. of 
air-dry exchanger. The sodium chloride 
solution eluted 33.3% of the growth-reg- 
ulator fron IR-IOO H, while water eluted 

TABLE 5 

Adsorption of 2,4-D by iR-ioo.H and 
IR-4B FROM solutions OF VARY- 
ING CONCENTRATION 


Exchanger 

Initial 
cone, of 
2,4-D 
(p.p.m.) 

Mg, 2,4-D 
adsorbed 
by |-gm. 
oven-dry 
exchanger 

% 

adsorbed 


f 20 

0.63 

63.0 

IR-IOO H 

so 

1.46 

58.4 


I 100 




[200 

6.85 

68. s 


f 20 

0.89 

89.0 

IR-4B 

J SO 

2.06 

82.4 


] 100 

4.09 

81.8 


[200 

7.97 

79-7 


none. No IPPC was eluted from Zeo- 
Karb H. 

The following experiment shows that 

2,4-D is readily eluted from the anion ex- 
changers, IR-4B and De-Acidite, by a 
suitable concentration of hydrochloric 
acid. IR-4B and De-Acidite were pre- 
pared which contained, respectively, 1.39 
and 1. 16 mg. of 2,4-D per 0.5 gm. of air- 
dry exchanger. To 0.5-gm. samples of the 
resins were added 0.126 or 0.00126 N hy- 
drochloric acid. The stronger concentra- 
tion of acid readily replaced the adsorbed 

2,4-D (table 8). 

Leaching EXPERIMENTS 

Static trials showed that 2,4-D was 
strongly adsorbed by IR-ioo H and Zeo- 
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Karb H and that the compound was not 
readily eluted from the exchangers by 
water or salt solutions. It was further 
shown that ^ecalso and Zeo-Dur ad- 
sorbed little or no 2,4-D. Since many 
soils may have a low adsorptive capacity 
for 2 j 4“D, an experiment was set up to 
determine how readily 2,4-D is leached 
from Decalso and Zeo-Dur. 

The sodium forms of the exchangers 
were used. The 2,4-D was applied to the 
exchangers at two rates: 19.4 and about 
64 mg. per pound on a dry-weight basis. 
Beds of Decalso 10 cm. deep contained 
3 or 10 mg. of 2,4-D while beds of Zeo- 
Dur contained 5.17 or 17.0 mg. Some 
tubes used as blanks contained beds with 
no 2,4-D. Each bed received three suc- 
cessive leachings of 55 ml. of distilled 
water. The second and third leachings of 
the beds of Decalso were made 2 and 4 
hours after the first; with Zeo-Dur, in 
about 24 and 48 hours after the first. 

Much 2,4-D was removed by the first 
leaching, a smaller amount by the second 
leaching, while practically none was 
found in the third leachate (table 9) . In 

TABLE 6 

Elution of 2,4-D from 0.5-GM. samples of 
IR- loo H BY WATER AND BY 0.75 N SOLUTIONS 
CONTAINING A MONO-, DI-, OR TRIVALENT 
CATION 


Solution 

Mg. of 2,4-D 
eluted 

% of 2,4-D 
eluted . 

Water ' . 

0.685 

45-7 

HCl ' 

. 720 

48 . 0 

NaCl.. 

■■ ’ 33 S 

22.3 

CaCL . 

•370 

\ ,24.7' 

AiGl3*6H.O 

0.436 

29 . 1 


no case was more than 90% of the 2,4-D 
eluted by the 6 inches of water applied, 
and usually the percentage was much 

less- v'"'- 

An experiment was run to compare the 
rate of leaching of six growth-regulators 


from Decalso and Zeo-Dur. IPPC, 2,4-D, 
the ammonium, calcium, and cupric 
salts of 2,4-D, and 2,4, 5-T were the com- 
pounds used. All compounds except 
IPPC were applied to Decalso at the rate 
of 600 micro-equivalents per pound and 

TABLE 7 

Elution of 2,4-D from 0.5-GM. samples of 
IR- loo H BY WATER AND BY 0.685 ^ SOLU- 
TIONS CONTAINING A MONO-, DI-, OR TRI- 
VALENT ANION 


Solution 

Mg. of 2,4-D 
eluted 

% of 2,4-D 
eluted 

Water 

0.976 

65.1 

NaCl 

.420 

28.0 

Na^SO, 

0.385 

25-7 

Na3P04-i2H.0 

0 

0 


to Zeo-Dur at the rate of 342 micro- 
equivalents per pound. IPPC was applied 
to Decalso and Zeo-Dur at rates of 660 
and 376 micro-equivalents per pound, re- 
spectively. A bed of ‘each type of ex- 
changer contained 102.3 micro-equiva- 
lents of IPPC or 93.0 micro-equivalents 
of one of the other compounds. 

Each bed was leached with 2 inches of 
water. Usually more than one-half of 
each regulator was leached from each ex- 
changer (table 10). All compounds were 
leached from the exchanger materials in 
about the same amounts. An exception 
was IPPC on Zeo-Dur, which was 
leached to a much lower degree. 

Plant growth in ion exchangers 

Experiments were conducted to de- 
termine the toxicity to plants of 
NH42,4-D adsorbed on exchange mate- 
rials mixed in soil in which they were 
grown. In one experiment the emergence 
of seedlings from soils containing 
NH42,4-D adsorbed on a strong adsorb- 
ent (Zeo-Karb H) or on a weak adsorbent 
(quartz sand) was studied. One hundred 
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milliliters of 2.0, 0.2, 0.02, or 0.002% 
aqueous solutions of NH.,2,4-D were 
added to 60 gm. of air-dry Zeo-Karb H or 
to quartz sand in 250-ml. beakers. The 
mixtures were stirred occasionally over a 
2-hour period and then were dried in an 

TABLE 8 

elution of 2 , 4 - 1 ) from IR- 4 B AND DE- 
Acidite by hydrochloric acid 


Solution 

IR-4B 

De-Acidite 

Mg. of 
2,4-.D 
eluted 

% of 
2,4-D 
eluted 

Mg. of 
2,4-D 
eluted 

%of 

2,4-D 

eluted 

Water 

0.000 

0 

0.578 

0 

0 

41.6 

0.03 

0.03 

1 . 10 

0.02 

0.02 

94-83 

0.00126 iVHCl. . . 
0.126 A HCl 



oven at $0° C. Each sample was then 
thoroughly mixed with about 1.87 lb. of 
a potting soil (three parts soil to one part 
fine gravel). Thus mixtures of soil and 
Zeo-Karb H or sand were obtained which 
contained about o, i, 10, 100, or 1,000 
mg. of NH42,4-D per pound of soil when 
calculated on an air-dry basis. The soils 
were placed in 4-inch unglazed clay pots, 
which were set on a greenhouse bench. 
Fifteen seeds of barley and white mus- 


tard were planted in each pot. Each 
treatment consisted of three replicate 
pots. 

Seven days after planting, counts were 
made of seedlings appearing above the 
soil surface (table ii). The data indicate 
that there was only a limited or no tox- 
icity to the germinating seedlings from 
the low concentrations of NH42,4-D ad- 
sorbed on Zeo-Karb H but that toxicity 
was strong at the high concentration. 
Perhaps much of the NH42,4-D was 
strongly adsorbed by the ion exchanger, 
and the growth-regulator in an adsorbed 
condition could not affect plant growth. 
White mustard germinated normally in 
soil-Zeo-Karb H mixtures containing 
NH42,4-D at a rate of 10 mg. per pound 
of soil, but, when sand only was used as 
the carrier for the growth-regulator, the 
lowest concentration (i mg. /lb.) pre- 
vented germination. Barley germinated 
well in soil-Zeo-Karb H mixtures when 
NH4 2,4-D was present at the concentra- 
tion of 100 mg. per pound, but with sand 
as the carrier 10 mg. of NH42,4-D per 
pound of soil reduced the number of 
emerging barley seedlings. 

In another experiment the growth of 
plants in exchangers containing high con- 


TABLE 9 

Leaching of 2,4-D from Decalso and Zeo-Dur by 2-inch columns 
OF WATER. Figures are averages of three replicates 


Mg. of 
2 , 4-1 ) /lb. 


First 


Mg. of 
2,4-D 
eluted 


%of 

2 ,4-D 

eluted 


Leaching 


Second 


Third 


Mg. of 

2,4-D 

eluted 


0.528 

0.950 


% of 
2 

eluted 


17.60 

9-50 


Mg. of 
2,4-D 
eluted 


O.OII 

■<^55 


%of 

2,4-D 

eluted 


0.37 

• 55 . 


Decalso 


Zeo-Dur 


19.4 

64.7 


0,960 

4.070 


32.00 

40.70 


1.600 

3.000 


30.95 

17-65 


.025 

0.055 


.48 

0.32 


19.4 

63.8 


2.900 

7.900 


56.09 

46.47 
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centrations of adsorbed NH42,4-D was 
observed. Aqueous solutions of 
NH42,4-D were added to Zeo-Karb H 
and IR-ioo H, and the mixtures were 
dried at 70° C. The dried materials were 
then thoroughly mixed with two parts by 


mustard plants had developed two true 
leaves in control gravel-Zeo-Karb H 
mixtures. Mustard plants also developed 
in mixtures containing i or 10 mg. of 
NH42,4-D per pound. The barley in con- 
trol mixtures was in the second leaf stage 


TABLE 10 


Leaching of six growth-regulators from Decalso and Zeo-Dur by a 2-inch 

COLUMN OF water. FIGURES ARE AVERAGES OF THREE REPLICATES 



Initial conc. 


Decalso 



Zeo-Dur 


Compound 

PER BED 

(micro-eq.) 

Micro-eq. 

eluted 

Mg. 

eluted 

Of 

/o 

eluted 

Micro-eq. 

eluted 

Mg. 

eluted 

% 

eluted 

2,4-D 

93 

54-8 

12 . II 

58-9 

62.3 

13.77 

67.0 

NH42,4-D 

93 

52.5 

12.50 

56.5 

60.6 

14.42 

65.2 

Ca(2,4-D)2 

Cu(2j4-D)2 

93 

49-8 

II- 9 S 

53 -S 

47.8 

11.47 

51-4 

93 

56.2 

14.15 

60.4 

54.2 

13-64 

58.3 

M.S-T 

IPPC 

93 

51.7 

13.21 

55-6 

45-2 

II-S 5 

48.6 

102.3 

60.0 

10.74 

58.7 

29.2 

i 

5-23 , 

28.5 


TABLE 11 

Average number of white mustard and barley seedlings per pot emerged 
FROM soils containing VARIOUS AMOUNTS OF NH42,4-D APPLIED TO SOIL ON 
ZEO-KARB H OR QUARTZ SAND. THREE REPLICATES 


Plant 

Carrier 

Concentration of NH42,4-D (mg. /lb.) 

0 

t 

10 

100 

1,000 



White mustard 

fZeo-Karb H 

9.0 

9-7 

10.3 

I.O 

0.0 


\Sand 

10. 7 

0.0 

0.0 

0.0 

0.0 

Barley 

/Zeo-Karb H 
\Sand 

II, 0 

6.7 

■ 8.3 

9.7 

0.0 


9.0 

7-3 

3-3 

0-3 

0.0 


weight of fine gravel. The gravel-IR- 
100 H mixture contained o, 3, 30, or 300 
mg. of NH42,4-D per pound, and the 
gravel“Zeo-Karb H mixture o, i, 10, 
100, or 1,000 mg. of NH42,4-D per pound 
on a dry- weight basis. The mixtures were 
placed in 4-inch unglazed clay pots, and 
fifteen seeds of barley and white mustard 
were planted in each pot. 

The plants were harvested 19 days 
after planting (fig. 2, table 12). White 


and had an average foliage height of 
6 inches. It had developed well in all 
gravel-Zeo-Karb H mixtures except 
those containing 1,000 mg. of growth- 
regulator per pound of mixture. The 
stubby roots of the barley growing in the 
latter mixture ^ere usually less than 
I cm. in length (fig. 3). 

White mustard failed to germinate in 
the gravel-IR-ioo H mixture. The aver- 
age fresh weights of tops of barley on a 
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one-pot basis for control gravel-IR-ioo 
H mixture and for mixtures containing 
3 , 30, or 300 mg. of NH42,4-D per pound 
were 1.59, 1.55, 0.27, and 0.09 gm., re- 
spectively. The root systems of barley in 
the mixtures treated with NH42,4-D at a 
rate of 30 mg. per pound were small, and 
many of the roots were ribbon-like (fig. 
3). The relative growth of barley in the 
gravel-Zeo-Karb H and gravel— IR- 100 
H mixtures indicates that NH42,4-D is 
less toxic when adsorbed on Zeo-Karb H 
than on IR-ioo H. This is probably asso- 


ciated with the greater adsorptive capac- 
ity of Zeo-Karb H for NH42,4-D thar i is 
possessed by IR-ioo H. 

Discussion 

Cation exchangers in the hydrogen cy- 
cle strongly adsorbed all the growth- 
regulators studied. For example, IR-ioo 
H adsorbed 2,4-D from a 0.02% solution 
at a rate of more than 6 gm. per pound of 
exchanger. It seems probable that when 
2,4-D or its salts are added to soils in 
chemically equivalent quantities, ap- 



rt 1 mustard and barley plants grown in niixtur 

(lower) Amberhte IR-ioo H and gravel. Left to right: Zeo-Karb H 
mg. 01 J\il42,4-D per pound; Amberlite mixtures contained o, z, 

White mustard seedlings grew normally in Zeo-Karb H mixtures 
and barley made much growth jn Zeo-Karb H mixtures containr 
Photographed 19 days after planting. 


I 

f. 
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proximately equal amounts of the anion 
of each would be adsorbed by the soil. 
Such equivalent adsorption might not 
hold true in soils containing anion- or 
acid-exchanging materials in large 
amounts, as less Cu(2,4-D)j was ad- 
sorbed by the anion exchangers f-han was 
2,4-D or its ammonium or calcium salts. 

The high adsorptive capacities of cer- 
tain ion exchangers for growth-regu- 
lators, combined with the fact that salt 
solutions failed to elute all the 2,4-D 
from cation exchangers, may be of great 
significance when growth-regulators are 
applied as herbicides. When the adsorp- 


TABLE 12 

Average fresh weights (gm.) per pot of tops 

OF BARLEY AND WHITE MUSTARD GROWN IN 
GRAVEL-ZeO-KaRB H mixtures CONTAIN- 
ING VARIOUS CONCENTRATIONS OF NH 42 , 4 -D. 

Based on three replicates 

CONC. OR NH4 2,4-D (mG./I-B.) 


White mus- 


tive capacity of a soil is high, there may 
be less loss of the compound from the 




15 #'' 




«i\ 








Fig. 3.-~Barley seedlings grown in mixtures of {upper) Zeo-Karb H and gravel containing i,ooo mg. of 
NH42,4-D per pound and of {lower) Amberlite IR-ioo H and gravel containing 30 mg. of growth-regulator 
per pound. Roots in Zeo-Karb H mixtures were short and stubby. Many roots in Amberlite mixtures were 
flattened and had many small gall-like protuberances. 
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soil by leaching. But, when adsorbed, 
such material may be not particularly 
toxic to plants grown in the soil. For ex- 
ample, it was shown that much 
NH42,4-D adsorbed on Zeo-Karb H was 
nontoxic to plants growing in mixtures 
of the ion exchanger and gravel. Barley 
plants grew well in gravel-Zeo-Karb H 
mixtures containing loo mg. of 
NH42,4-D per pound of mixture. The 
growth-regulator was evidently strongly 
adsorbed, since a surface application of 
NH42,4-D of loo mg. per 12.5 sq. in. (ap- 
proximate surface area of a 4-inch clay 
pot) corresponds to a rate of about no 
pounds per acre, which is far in excess of 
any field application. It is possible that 
the compound did not come into contact 
with the roots growing around the ad- 
sorbent or perhaps could not diffuse into 
or enter the plants. 

The varying toxicity of a growth- 
regulator in different soils may be asso- 
ciated with the differences in adsorptive 
capacities of the soils for the various 
regulators. Since adsorptive capacities of 
soils may affect toxicity of a growth- 
regulator in them, it is evident that any 
modification of such capacities through 
agricultural practices might be very im- 
portant. Because soils are very complex 
systems, it is difficult to say which factors 
are most concerned with the degree of 
toxicity and with the fate of a growth- 
regulator in a soil. In a soil of high ad- 
sorptive capacity, one would expect 
greater retention (less leaching) of the 
compound, but the amount present in 
such a condition as to affect plant growth 
might not necessarily be correspondingly 
high. Much of the adsorbed compound 
might be nontoxic to plants. The rate of 
decomposition of the compounds in soil 
is of great importance. It would be of in- 
terest to know whether adsorbed com- 
pounds are subject to the same decom- 


position processes and rates as the non- 
adsorbed. A desirable carrier for 2,4-D 
for certain uses might be one with a high 
adsorptive capacity which would slowly 
release the compound over a long period 
of time. 

The effectiveness of any herbicidal 
practice involves many details regarding 
herbicides, crops, and soils. The fate of a 
growth-regulator in soil is probably just 
as much influenced by agricultural prac- 
tices as is the amount and availability of 
nutrients and the activity of organic con- 
stituents. Thus many interlocking fac- 
tors may determine the toxicity and du- 
ration of a growth-regulator in a soil. By 
the use of a suitable system of soil man- 
agement, the toxicity and persistence of 
a compound in the soil may be modified. 
The indication is that acidic soils might 
have higher adsorptive capacities for 
2,4-D or its salts than alkaline ones. Cat- 
ion exchangers in the sodium or calcium 
forin adsorbed little or no 2,4-D. The 
respiration of plant roots and the micro- 
flora in a soil may result in changes in the 
soil pH during the season which might 
affect adsorption of growth-regulators. 
Soil reaction can be changed by applica- 
tion of ammonium sulfate, lime, or other 
compounds. It is possible that various 
compoimds may be found in the soil 
which would elute growth-regulators 
from the soil adsorbents and would also 
change the degree of solubility of the 
herbicides in the soil solution. The per- 
sistence of toxicity of growth-regulators 
in soil may be partially controlled by 
addition of organic matter or by limi ng 
Kries (4) has shown that addition of 
lime to soil decreased the rate of disap- 
pearance of the toxic effects of 2,4-D, 
while the addition of organic matter 
counteracted the effect of the lime. 

A chemical or physical explanation of 
the adsorption of 2,4-D and its salts by 
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the cation exchangers is difficult with the of the growth-regulator initially in the 
data available, 2,4-D is probably eluted bed. It may be that the Decalso adsorbed 
from anion exchangers in a typical acid some 2,4-D because of the m.ethod of ap- 
or anion exchange reaction, since 2,4-D plication of the compound to the ex- 
is readily eluted by hydrochloric acid: changer. The important point, however, 

RNH 3 ( 2 , 4 -D) + HC 1 ± 5 RNH 3 Cl -f H2,4-D . 


IPPC differs from 2,4-0 in that much 
more IPPC is adsorbed by cation ex- 
changers, and much less by anion ex- 
changers, and it may be eluted from IR- 
100 H by sodium chloride. It is also ad- 
sorbed by the sodium and calcium forms 
of IR-ioo. IPPC may react with IR-ioo 
H by physical adsorption or by salt for- 
mation with the basic amino group: 

RH -f < 5 [)NHC 00 R RN0H2COOR . 

The experiments in leaching using 
beds of Decalso and Zeo-Dur showed 
that the growth-regulators are readily 
leached from exchange materials having 
little or no adsorptive capacity. The 
various compounds were usually re- 
moved in about the same amounts. Even 
the most soluble compound used, 
NH4 2,4-D, was not removed in greater 
quantities than 2,4-D, which is of much 
lower solubility. Leaching experiments in 
which smaller quantities of water were 
used might result in differential rates of 
leaching of the various compounds based 
on their solubilities. It seems probable, 
however, that in the soil 2,4-D or a rela- 
tively insoluble 2,4-D salt might be con- 
verted to soluble forms by reaction with 
ammonium, sodium, or other ions pres- 
ent in the soil solution. 

Experiments in which exchanger beds 
were successively leached with 2-inch 
columns of water showed that 4 inches of 
water removed practically all the 2,4-D 
that could be leached from the beds. In 
the case of Decalso beds this amounted to 
only about one-half of the total amount 


is the rapidity with which 2,4-D was re- 
moved from the beds by leaching. 

Summary 

1. Studies were made on the adsorp- 
tion by and elution from several ion ex- 
changers of six plant growth-regulators. 
Cation exchangers in the hydrogen cycle 
adsorbed much 2,4-dichlorophenoxy- 
acetic acid (2,4-D) and its ammonium, 
calcium, and cupric salts, and in about 
equal amounts. Anion exchangers ad- 
sorbed much 2,4-D and its salts, but not 
always in equal amounts. Little or no 
2,4-D or its salts was adsorbed by cation 
exchangers in the sodium or calcium 
form. 2,4,5-Trichlorophenoxyacetic acid 
was adsorbed in amounts similar to those 
of 2,4-D except that less of the former 
was adsorbed by the cation exchangers. 

2. Isopropyl N-phenylcarbamate was 
more strongly adsorbed than 2,4-D by 
cation exchangers in the hydrogen, sodi- 
um, or calcium form. Much less was ad- 
sorbed by the acid exchangers. 

3. Much less 2,4-D was adsorbed by 
Amberlite IR-ioo H when the pH of the 
solution was 3.3 than when it was 2.5 or 
lower. The amount of 2,4~D adsorbed by 
ion exchangers from solutions varying in 
concentration from 20 to 200 p.p.m. was 
in about direct proportion to the concen- 
tration of 2,4-D in the initial solution. 

4. Solutions of NaCl, CaCh, or AICI3 • 
6H2O of 0.75 normality caused less elu- 
tion of 2,4-D adsorbed on Amberlite IR- 
100 H than did water. The amounts 
eluted by hydrochloric acid and water 
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were approximately equal. Solutions of 
NaCl, Na^SO^, and NajPO^-ia H^O of 
0.685 normality also eluted less 2,4-D 
from Amberlite IR-ioo H than did water. 
Isopropyl N-phenylcarbamate, however, 
was eluted from IR-iooH by sodium 
chloride solution. 

5 . Hydrochloric acid eluted 2,4-D 
from anion exchangers, probably in typi- 
cal anion- or acid-exchange reactions. 

6. 2,4-D was mixed with Decalso and 
Zeo-Dur, respectively, at rates of 19.4 or 
about 64 mg. per pound. The mixtures 
were leached with three 2-inch columns 
of water. Much 2,4-D was removed by 
the first leaching, a smaller amount at 
the second leaching, and practically none 
at the third leaching. 

7. About 93 micro-equivalents of six 
different growth-regulators were mixed 
with Decalso and Zeo-Dur and the mix- 


tures were leached with a 2-inch column 
of water. One-half or more of each com- 
pound was usually leached from the ex- 
changer materials, and the different com- 
pounds were usually removed in about 
equivalent amounts. 

8. Growth of plants in soils containing 

ion exchangers upon which NH42,4-D 
was adsorbed showed that much of ad- 
sorbed growth-regulator is nontoxic. 
Earley and white mustard plants grew 
well in^ gravel~Zeo-Karb H mixtures 
containing NH4 2,4-D at concentrations 
of 100 and 10 mg., respectively, per 
pound of mixture. The growth-regulator 
may not have come into contact with the 
roots growing around the adsorbent or 
perhaps could not diffuse into or enter 
the plants. 

Department op Botany 
University of 'Chicago 
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EMBRYOLOGY OF CEPHALOSTIGMA SCHIMPERI 


. KAUSIK AND 

Introduction 

The genus Cephalostigma A. DC. be- 
longs to the family Campanulaceae, tribe 
Campanuloideae, subtribe Wahlenber- 
gineae (4). Gamble (5) records three 
species in South India: C. schimperi 
Hochst., C. fiexuosum Hook.j and C. 
hookeri C. B. Clarke. The present in- 
vestigation deals with C. schimperi only. 

The literature on the embryology of 
the family has already been reviewed by 
ScHNARF (14) and by KAitsik and SuB- 
RAMANYAM (9) and heed not be covered 
again. 

Material and methods 

The material was collected from three 
sources: Government Botanical Gardens, 
Lalbagh, Bangalore; Bannerghatta (near 
Bangalore); and Nandi Hi ll s (a hill sta- 
tion 35 miles from Bangalore). It was 
fixed in Allen’s modification of Benin’s 
fluid and in formalin-acetic-alcohol, both 
of which were quite satisfactory. Sections 
cut at a thickness of 10-20 ii were stained 
in Heidenhain’s iron-alum haematoxylin 
with eosin as a counterstain. 

Investigation 

MiCROSPOROGENESIS AND MALE 
GAMETOPHYTE 

The wall of the anther (fig. i) is made 
up of three layers external to the tape- 
turn. The outermost is the epidermis; 
next is the endothecium, which acquires 
the usual fibrous thickenings in later 
stages; and then an ephemeral layer 
which is soon disorganized. The tapetal 
cells are at first uninucleate but later be- 
come binucleate and also begin to show 
conspicuous vacuoles. 


K. SUBRAMANYAM 

The microspore mother cells undergo 
the usual reduction divisions and form 
tetrads of microspores (figs. 2-4) which 
are usually tetrahedral but sometimes 
show an isobilateral arrangement. The 
separation of the microspores takes place 
by cleavage furrows. 

The mature pollen grain is packed with 
starch grains and contains three nuclei — 
a large tube nucleus and two small male 
nuclei (fig. 5). The exine is thick and 
rigid and shows reticulate thickenings on 
the surface (fig. 6) . The intine appears as 
a thin delicate membrane. There are 
three conspicuous germ pores. 

Megaspor( 5 genesis and female 

GAMETOPHYTE 

The ovary is inferior, tricarpellary, 
and trilocular, with numerous anatro- 
pous unitegmic ovules attached to axile 
placentae. The single hypodermal arche- 
sporial cell (fig. 7) functions directly as 
the megaspore mother cell (fig. 8). The 
megaspores may show a linear (fig. 9) or 
T-shaped (fig. 10) arrangement, and 
sometimes the micropylar dyad cell 
divides by an oblique wall (fig. ii). The 
three micropylar megaspores degenerate, 
and the chalazal one functions to give 
rise to a normal eight-nucleate embryo 
sac (figs. 12, 13). 

The integument is well developed even 
at the megaspore mother cell stage (fig. 
8). When the embryo sac is two- or four- 
nucleate, the nucellar epidermis becomes 
disorganized and the embryo sac comes 
in direct contact with the integumentary 
tapetum, which reaches its maximum 
development at the time of fertilization. 

Meanwhile certain cells in the chalazal 
region of the nuceUus become elongated 






• • » 

and mTcrospoSher ^ binucleate tapetum. 

,, . , . * ' ^^SS- 2 , 3, 4, tetrad divisions in microspore mother cell y t^^oo Fio- p 

mature pollen gram showing trmucleate condition. Note starch grains in cytoplasm XiSoo FtVr r.‘ nnlif' 

gram in surface view showing three germ-pores and reticulate VrsArs f'«^ ' ' 6, pollen 

hypodermal archesporial cell and primordium of inteeruraent y6oo hlrr R ' f ovule showing 

snore mother celP F'^ integument. X6oo. hig. 8, anatropous ovule show ng mega- 

T ^ megaspores, the chalazaJ ceil enlarging Xooo Fi^ro 

'tv X 900 . Fig. ri, megaspore tetrad with oblique wall in upper drad cell Xooo’ 

Fig 12, third nuclear division from megaspore leading to formation of eightmucleate fagv Xooo F^ 
mature embryo sac showing egg apparatus, antipodal cells, and fusion nucleus* note stm*ch craim vk!n 
Rg. 14, upper part of embryo sac showing elongated synergids and egn cell Vnon fJo- p 
fertilization showing remnants of pollen tube. X900. ^ ^ ^ ^ ^ 
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and thickened and seem to serve a con- 
ducting function (figs. 8-1 1, 13). 

The fully mature embryo sac is taper- 
ing at both ends (fig. 13). The synergids 
are elongated structures with pointed 
beaklike apices. The pear-shaped egg cell 


(ii), this degeneration is postponed to a 
slightly later stage and takes place dur- 
ing the early stages of endosperm 
development. 

A characteristic feature of the embryo 
sac is the presence of a large number of 



Figs. 16-29.— Stages in development of embryo. Primary segmentation walls are indicated by thicker 
lines. All X900, except figs. 28, 29, X630. 


is situated between them and has a con- 
spicuous nucleus. The two polar nuclei 
meet near the center of the embryo sac 
and fuse to form the fusion nucleus. The 
antipodal cells taper at their lower ends 
and thus offer a marked resemblance 
to those of the allied family Lobeli- 
aceae (8, 9, 10). They degenerate at 
about the time of fertilization. In an- 
other member of the same family, 
Sphenoclea zeylanica (12), and in one of 
the Lobeliaceae, Lobelia nicotianaefolia 


starch grains. Usually they appear after 
the fusion of the two polar nuclei (figs. 

and persist during the early 
stages of endosperm development, being 
crowded around the nucleus of each 
endosperm cell (figs. 32-35). Dahlgren 
( 2, 3), who has reviewed the occurrence 
of starch grains in embryo sacs, lists 
Campanula rotundifolia as an instance 
where the starch appears at the two- 
nucleate stage but becomes considerably 
reduced in quantity in older stages. 


note collapsed suspensor. X 270 Fie si basa 
t.on of mature embryo enlarged to show root-cap, dermatogen, Jeriblem (stipplS? and plerom^; > 

(Legend continued on following page) 
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The pollen tube enters the embryo sac 
by destroying one of the synergids. 
Double fertilization takes place normally 

(fig- is)- 

Embryo 

The development of the embryo close- 
ly corresponds to that described for 
Campanula patula (15), Lobelia syphili- 
tica {1), and X. amoena (6). Stages in 
development are presented in figures 16” 
31 - ■ „■ 

Endosperm 

The primary endosperm nucleus, 
which lies near the zygote, divides (fig. 
32), and the accompanying development 
of a transverse wall gives rise to a small 
primary micropylar and a larger primary 
chalazal chamber. Next a vertical wall is 
formed in each of these chambers, result- 
ing in a four-celled stage (fig. 33). A 
transverse division now follows in the 
chalazal pair of cells (fig. 34) and subse- 
quently in the micropylar pair (fig. 35), 
resulting in the formation of four tiers of 
paired cells. The two cells of the first tier 
now form the micropylar haustorium, 
and those of the lowest tier give rise to 
the chalazal haustorium after undergoing 
one transverse division (fig. 36) or per- 
haps two (fig. 37). The remaining tiers 
of cells, which lie between the haustoria, 
undergo further transverse and longi- 
tudinal divisions and give rise to the 
endosperm. Thus the sequence of wall 
formation (fig. 38) closely corresponds 


with that in the “Codonopsis type^^ 
found in other members of the Campa- 
nulaceae (13). 

The micropylar haustorium (fig. 39) 
is two-celled, each cell forming a promi- 
nent lateral hump and containing a con- 
spicuous nucleus imbedded in a dense 
mass of finely vacuolate cytoplasm. 
Being situated close to the rich nutritive 
tissue of the micropylar part of the integ- 
ument, this haustorium remains active 
for a long time. The chalazal haustorium 
(fig. 40) consists of two bulbous cells 
which digest their way into the chalazal 
tissues and are later seen as darkly 
stained, compressed structures lying in a 
mass of collapsed cells. 

All the cells of the endosperm, except 
those lying in the immediate vicinity of 
the embryo, contain considerable quan- 
tities of starch. The seed coat is formed 
by the outermost layer of the integu- 
ment. In mature seeds (fig. 41) the 
embryo, with its shriveled suspensor, is 
seen buried in a large mass of endosperm. 

We wish to thank Dr, L. N. Rao, 
Central College, Bangalore, and Dr. P, 
Maheshwari, Dacca University, Dacca, 
for their help and encouragement. We 
are also grateful to Mr. S. N. Chandra- 
sekhara Iyer, Coimbatore, for deter- 
mining the specific name of the plant. 

Department of Botany 

Central College 
Bangalore, South India 



Fig. 32, first division of primaiy endosperm nucleus. X630, Figs. 33-37, stages in development of endosperm 
and differentiation of micropylar and chalazal haustoria. Note aggregation of starch grains around nuclei of 
endosperm cells in figs. 32-35. Figs. 33-3S, X630; fig. 36, X 450; fig. 37, X270. Fig, 38, diagram showing 
sequence of wall formation in endosperm. Fig. 39, two-celled micropylar haustorium in advanced stage. 
X900. Fig. 40, two-celled chalazal haustorium in advanced stage. X900. Fig, 41, longitudinal section of 
mature seed, showing embryo with collapsed suspensor, starchy endosperm, persisting micropylar haus- 
torium, remnants of chalazal haustorium, and thick-walled seed coat, X 200. 
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EFFECT OF A TEMPERATURE GRADIENT ON 
DISTRIBUTION OF WATER IN APPLES^ 

MILTON A, LESSLER 


Introduction 

Earlier work on apples and other 
fruits subjected to a temperature gradi- 
ent has shown that there is water move- 
ment from the warmer to the cooler side 
(S) 4)- Visible evidence of this movement 
is a progressively increased wrinkling and 
then a necrosis of the warmer side, while 
there is p increase in the turgidity of the 
cooler side. In some cases, the cool side 
may become turgid enough to split the 
skin. 

Lorenze and Knott (s) showed that 
gray-wall or thin-wall of tomato occurred 
only on the side of the fruit that was ex- 
posed to the sun. They found that the 
condition resulted from a lowered water 

'Work conducted at Gornen University, De- 
partment of Botany, under the direction of Dr 
O. F. Curtis. 


content on the exposed side, leading to 
the development of very small paren- 
chyma cells on the inside of the pericarp. 
Temperature determinations of exposed 
and unexposed sides of the fruits w situ 
showed differences of as much as 15°- 
20° F. between the two sides. 

Reed and Bartholomew (6) made 
observations on young fruits of lemons, 
walnuts, apples, and tomatoes and found 
no intercellular spaces, but their observa- 
tions led them to conclude that water 
passes over the surfaces of the cells as 
well as through them by osmosis. They 
concluded that in young fruits movement 
of water as a vapor is improbable but 
that water may move by capillarity 
through the hydrophyllic colloids present 
in the cell walls. ■ 

Arthur (i) attributed the shriveling 
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End nccrosisj in Epples, to e specific 
infra-red injury but kter (2) stEted thEt 
it is possible thut En equEl Emount of 
energy in the visible region would pro- 
duce E similEr injury. Curtis (3), using 
rnethods similEr to those of Arthur (i), 
found thEt the wrinkling End kter necro- 
sis of the WErm side of the Epple resulted 
from E movement of wEter from the 
wErmer to the cooler side. Further stud- 


All fruits were weighed before End 
after the grEdient treatment and the to- 
tal water loss noted. This loss varied but 
averaged only 28% of the actual differ- 
ence between the cool and warm sides of 
the fruits and was of the same order as 
the total water loss from the controls. 

After treatment, each fruit was cut 
into warm and cool halves on a pre- 
marked line and each half put on a 
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Fig. I. Apparatus used for gradient treatment. A, 6° C. refrigerator room: 5 incubator- C ther 

TpX c'^ini u^U A experimental apples; E, cotton packing around 

apple, o, Heating unit; H, warm control apples; I, thermostat; /, thermograph. 


ies on this problem will be presented in 
this report. 

Experimentation 

The apparatus for producing a tem- 
perature gradient was an incubator 
placed on its back, so that the doors were 
on the upper side (fig. i), in a constant- 
temperature room kept at 6° C. The in- 
cubator doors were kid back, and care- 
fully fitted asbestos panels were put into 
the openings. The fruits were fitted into 
holes in the panels, and cotton was care- 
fully packed around them. 


marked tared watch glass. After drying 
for 7 days in a blower oven at 65° C. and 
for 7 days in a vacuum oven at 60° C. the 
samples were again weighed. This drying 
treatment brought the halves to constant 
weight. 

Figure 2 graphically shows the results 
from twenty-eight apples (variety 
Wealthy) given gradient treatment and 
eleven apples used as controls. The air on 
the warm side was kept at 25° C. and on 
the cool side at 6° C. Results from repre- 
sentative apples taken at intervals indi- 
cated '•a rapid movement of water (from 
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the warmer to the cooler side) for the 
first 3 days and then a tendency for the 
rate of movement to drop off. 

In a determination of the relative dis- 
tribution of water in apples after a 31- 
day gradient treatment with the air on 
the warm side at 20° C. and on the cool 
side at 6 ° C., plugs i cm. in cross section 
were cut both parallel and perpendic- 
ular to the stem-flower axis; each plug 
was cut transversely into three parts of 
equal length. To compensate for differ- 
ences in water content that might occur 



Fig. 2. — Movement of water in apples during 
45-day gradient treatment. A, difference in % of 
water between cool and w'arm halves of experimental 
apples; difference in % of water betw^een halves 
of control apples. 

naturally between stem and flower ends 
of the fruit, some had been placed in the 
apparatus stem up, others stem end 
down, and others with the stem-flower 
axis horizontal. Table i summarizes the 
data obtained from plugs from treated 
and control apples. Those from apples 
given a gradient treatment showed a dis- 
tribution of water which was lowest on 
the warm side, highest in the middle, and 
next highest on the cool side. Statistical 
treatment indicated that the differences 
in percentage of water between warm 
and cool a.nd between warm and middle 
samples were significant but that the dif- 
ference between cool and middle sections 
was not. Since the highest percentage of 


water was found in the middle portion of 
both experimental and control plugs, it is 
reasonable to assume that it was higher 
there at the start of the experiment, pos- 
sibly because the two end portions of the 
plugs had skin on them, while there was 
none on the middle section. 

Young Wealthy and Oldenburgh ap- 
ples (i-i| inches in diameter) were given 
a sJ-day gradient treatment (cool side 
6 ° C., warm side 25° C.). Visual observa- 
tions, after the treatment, showed some 

TABLE 1 

Distribution of water after 84-HouR gradi- 
ent TREATMENT. AIR TEMPERATURE ON 
WARM SIDE, 20° C.; ON COOL SIDE, 6° C. 
(TESTED BY PLUG METHOD) 



Experi- 

mental 

Con- 

trol* 

Number o.f samples 

20 

6 

Water % fresh wt. cool side 

85-56 

84-53 

Water % fresh wt. middle 

85.84 

84.94 

Water % fresh wt. warm side. . . . 

84.36 

84. 18 

Cool minus warm 

I . 20 

0*35 

Middle minus warm 

1.48 

0. 76 

Middle minus cool 

0. 28 

0.41 


*** For controls both sides were at same temperature but one 
side was marked a, the other & . Differences are given as a minus 
middle minus it, and middle minus a. 


wrinkling of the warmer sides; the cooler 
sides were somewhat more turgid than 
the controls. There was a small but 
measurable difference in percentage of 
water between the warmer and cooler 
sides of the fruits, but the data were not 
clearly significant when treated statisti- 
cally. The differences noted, in this case, 
may have resulted from the warm side 
losing more water by evaporation. Mi- 
croscopic observations of freehand sec- 
tions of the succulent tissue of these 
young fruits showed only occasional in- 
tercellular spaces. When portions of the 
fruits were placed in a dilute solution of 
India ink in a suction flask which was 
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evacuated during 30 minutes, there was 
almost no penetration of the ink into the 
tissue except near the edges where the 
cells had been torn in the cutting. 

Fruits on the tree are subjected to a 
marked temperature gradient only dur- 
ing the time that the sun strikes their 
unshaded side. An attempt to duplicate 
the effect of such an alternating gradient 
is shown graphically in figure 3. Experi- 
mental apples were given a 12-hour gra- 
dient treatment (cool side 6° C., warm 
side 35° C.) and were then freely sus- 



Fig. 3. — Movement of water in apples during 
alternating periods of gradient and nongradient 
treatment. 4, difference in % of water between 
cool and warm halves; B, difference in % of water 
between stem and floral halves of controls; C, 
arithmetic average of curve B. 

pended in the cold room for 12 hours. 
This alternating treatment was carried 
out for 2I days, with samples taken at 
the end of each 12-hour period after the 
first 24 hours. Controls were kept both in 
the incubator and in the cold room. 

In figure 3 the small movement of 
water from warm to cool side in period i 
and the apparent reverse movement dur- 
ing period 2 may be accounted for by 
excessive evaporation from the fruits 
during the early part of the treatment. 
This makes it difficult to draw conclu- 
sions; however, a comparison of curve A 
with B or C indicates that there was 
movement of water from the warmer to 
the cooler side of the experimental fruits 


during the gradient treatment and dur- 
ing nongradient (period 3). The latter is 
explained by the fact that after removal 
from the gradient treatment there is a 
period of time before the fruit comes to a 
uniformly constant temperature, and 
water may continue to move during that 
time. 

Thermocouples were used to measure 
the differences in temperature between 
the shaded and sunny sides of Wealthy 
apples naturally attached to the tree. 
Temperature readings were taken near 
noon on almost cloudless days in August 
when the air temperature was 28''-32'' C. 

TABLE 2 

Largest temperature differences between 
TWO SIDES OF Wealthy apples during i- 
HOUR TEST period UNDER NATURAL CONDI- 
TIONS (AIR TEMPERATURE 28°-32® C.) 


Shady Side 

Sunny Side 

Gradient 

30.0® C. 

39 - 5 ° C. 

Q-S'^C. 

30.6 1 

40. I 

9-5 

31. I. ■ 

40.8 

1 

9.7 


Table 2 gives the largest differences 
found during a i-hour test period, show- 
ing that under natural conditions a 
g.y^ C. temperature gradient may occur. 
Curtis (3) showed that, if such a gradi- 
ent is maintained, water will move from 
the warmer to the cooler side of the fruit. 

Discussion 

The decrease in rate of movement of 
water across the apples, after the first 3 
days of gradient treatment, probably re- 
sulted from the water being held more 
strongly by the osmotic and imbibitional 
forces of the desiccated side. In young 
apples the small amount of water move- 
ment may be explained on the basis of 
their lack of intercellular spaces, which 
limits the chances for movement of water 
by distillation; it is possible that the 
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water moved by capillarity through the 
hydrophyllic colloids of the cell walls. 

In a natural situation one would ex- 
pect to find an alternating temperature 
gradient. When the sun strikes a fruit 
only on one side, that side may become 
from lo^ to 1 8° F. warmer than the 
shaded side. When a fruit is removed 
from such a situation, it is reasonable to 
assume that there will be a period of 
time before the fruit comes to a uni- 
formly constant temperature. During 
that time water will continue to move 
from the warmer to the cooler side. After 
the fruit has reached a uniformly con- 
stant temperature, the imbibitional and 
osmotic forces of the more desiccated 
side are not strong enough to reverse the 
process to any extent. 

Summary 

I. Mature apples (variety Wealthy) 
exposed to a temperature gradient show 
a fairly rapid rate, of water movement 


ment of apples caused significant 
amounts of water to move across the 
fruits in less than 48 hours. 

2. After a 3|-day gradient treatment 
plugs from mature apples showed a 
greater percentage of water in the mid- 
dle, next highest on the cool side, and 
lowest on the warm side. The controls 
.also showed a higher percentage of water 
in the middle. 

3. After 3 days of treatment a small 
but measurable difference in percentage 
of water was found between the warm 
and cooler sides of young (i-i| inch 
diameter) apples. 

4. Mature apples subjected to alter- 
nating 12-hour gradient and nongradient 
treatments showed water movement 
from the warmer to the cooler sides. 

5. Wealthy apples on the tree, during a 
sunny summer day, showed a maximum 
temperature gradient of 9.7^ C. between 
the sunny and the shaded sides. 

Department op Biology 



across the fruit (from the warmer to the 
cooler side) for the first 3 days and then a 
slower rate of movement. Gradient treat- 
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RELATIONSHIPS OF AMPHOLYTES TO ASSIMILATION AND 
RECOVERY OF AMMONIUM AND NITRATE 
NITROGEN IN PLANT TISSUE 

V. A. TIED JENS 


Introduction 

In experiments on nitrate and am- 
monium assimilation (20, 21, 22), the de- 
termination of the respective ions in 
plant tissue resulted in values which in- 
dicated that they were not being satis- 
factorily recovered by the accepted 
methods (18). This was particularly true 
for plants grown wholly or in part with 
ammonium nitrogen as the nitrogen 
source. 

In a previous paper (20) the term 
“combined ammonia” was used to desig- 
nate a nitrogenous fraction which was 
recovered by aspiration with sodium hy- 
droxide. This was an ammonium ion, 
which was slowly liberated after the so- 
called free ammonium ions had been re- 
moved with a weak alkali (sodium car- 
bonate). In tomato plants grown with 
nitrate nitrogen this fraction was usually 
negligible, but in those grown with am- 
monium nitrogen (22) it was particular- 
ly large. No explanation has been given 
for this phenomenon. The possibility 
that the “combined ammonia” originat- 
ed as a disintegration product of gluta- 
mines is not borne out by the data. They 
show that, in addition to “combined am- 
monia,” there was present also a “com- 
bined nitrate” fraction which could only 
be recovered by taking cognizance of 
Loeb’s theory (5) of ion displacement 
in a colloidal system; that is, the am- 
monium and nitrate ions apparently 
formed weakly dissociated salts with sol- 
uble and insoluble organic nitrogenous 
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compounds (ampholytes) which were 
present in the aqueous extract of tomato- 
plant tissue as well as in the protein-free 
extract. That this is possible has been 
shown by Robbins (17). The hydrogen- 
ion concentration of the nutrient solu- 
tion supplied to plants in sand culture 
and differences in pH of the extracting 
water in the tissue analysis caused vari- 
ations in the amounts of both nitrate and 
ammonium ions that were recovered. 

When an aliquot of extract, from 
plants grown with ammonium nitrogen 
and from which the coagulable protein 
had been removed, was aspirated for am- 
monium or nitrate nitrogen, the ammoni- 
um ion was extracted only after 1 2 or 
more hours of aspiration instead of the 
2- to 3-hour period as recommended (18). 
When a known quantity of a pure am- 
monium salt was aspirated with a mild 
alkali (sodium carbonate), the ammoni- 
um ion was completely recovered in 2-3 
hours. However, the aspiration of ali- 
quots of protein-free extract from plants 
grown with ammonium nitrogen re- 
quired 30 or more hours before the last 
traces of ammonium nitrogen were dis- 
placed. Tomato plants grown with ni- 
trate nitrogen usually have so little am- 
monium present (20) that the slow re- 
covery observed above is easily over- 
looked. There is thus considerable evi- 
dence that amino acids (glycine found in 
plants by Pearsall and Ewing [14]) and 
proteins in protoplasm could react with 
ions absorbed from a nutrient solution. 
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That this occurs in plant tissue by virtue 
of the amphoteric nature of constituents 
in the protoplasm was suggested by 
Robbins (17). 

Investigation 

Data are presented which show the 
amphoteric properties of amino acids, 
proteins, and other plant materials 
(table i). Whether nitrate or ammonium 


nitrate ions, liberating ammonium ions, 
with equilibrium established at a less 
acid pH. Glycine has an isoelectric point 
pH 6.1 and reacts in a similar manner 
to asparagine above and below this 
point. Data from pure casein (fig. i) also 
show how an amphoteric substance re- 
sponds at different pH values. Thus it is 
probable that many substances found in 
protoplasm, and with widely different 


TABLE 1 

changes in pH after addition of ampholvtes to so-ml. stock solutions of 

AMMONIUM NITRATE PREVIOUSLY ADJUSTED TO INDICATED PH VALUES 
WITH NITRIC ACID OR AMMONIUM HYDROXIDE 


Kind and amount of AMraoLYTE added 



Initial :pH of stock 
SOLUTION 


Exchange neutral- 1 
ity (pH) 


Asparagine, 
0.5 gm. 


H-I . 2 


+0.5 
0.0 
— 1.6 


-3.3 


"2- D 
-2.4 


Glycine, 
0.5 gm. 


■f I.I 
-f-O. 2 

-0.5 


Casein 

isoelectin, 

3.5 


+ I.S 
4 - 1.9 
-fi.8 

H-1.7 

4-1.6 

4-1.4 

-j-o. 8 

— 0.6 

— 1.6 

— 2.2 
-2.3 
-2.8 
- 3-1 
-3,0 
-2.4 


Pectin 
commercial, 
0.5 gm. 


4-1.4 
4-1. 1 
4-0. 7 
-j-o. 6 
4-0.4 
0.0 
-0.4 
— 2.1 
-3.6 
-4.1 

-4.7 

-5.1' 

" 5.8 

“5-4 


Calcium 
pec t ate, 
0.5 gm. 


4-1.3 

4-1.6 

4-1.9 

4 - 2.2 

4 - 2.8 

4-3.0 

4-2.8 

4-1.2 

4-0.3 

— O. I 
-0.4 
-0.3 

— 0.2 
— O. I 


Soybean 
protein, 
2.0 gm. 


+1.9 

4-2.2 

4-2.2 

4 - 2.2 

4-2.2 

-fi.9 

4-1.6 

0.0 

— 1 . 2 
-1.6 

— 2.1 
-2.7 

— 2.8 

— 2.0 
—0.2 


ions from ammonium nitrate combine 
with these materials depends on the pH 
of the solution in which they are dis- 
persed or dissolved, as Robbins (17) has 
pointed out. Above pH 4.0, asparagine 
combined with ammonium ions, liberat- 
ing nitrate ions and causing equilibrium 
in the solution to be established at a 
lower pH. In a solution more acid than 
pH 4.0, asparagine combined with the 


isoelectric points, have these amphoteric 
properties. 

_ If ammonium and nitrate ions form 
dissociation compounds with ampholytes 
in the cell, theoretically it should be pos- 
sible to displace different amounts of the 
ions from plant tissue by extracting it 
with water at different pH values. That 
this is possible is shown by the data in 
figure 2. They were obtained by placing 


Stock solution of casein isolectin = 100 ml. 
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loo-gm. aliquots of ground tomato tis- 
sue, from plants grown in soil, in 800 ml. 
of distilled water and adjusting with HCl 
or NaOH to the indicated pH values. 
After 30 minutes the liquid was pressed 
out as much as possible, the residue being 
washed twice with 100 ml. of water. Sol- 
uble proteins were not coagulated. The 



Fig. I. — Absorption of nitrate and ammonium 
ions by casein in solutions of ammonium nitrate ad- 
justed to different pH values. Figures on left are gm. 
of ions in loo gm. dry matter absorbed by casein. 
Intersection of curves is at isoelectric point of casein. 

data show that, as the pH is lowered to 
3.0, less and less nitrate is extracted (less 
is dissociated from ampholytes). Much 
larger quantities were extracted at pH 
10. On the other hand, less ammonium 
nitrogen was recovered as the pH value 
was increased. In other words, with 
change in pH either the ammonium or 
the nitrate ions apparently become dis- 
sociated from the amphoteric substances 
in the tissue so that there is no one pH 
value at which all the nitrate or am- 
monium ions will be easily recovered. In 


this particular experiment, when tissue 
was extracted in distilled water at pH 
5.4 (unadjusted), less than half the ni- 
trate but at least 75% of the ammonium 
nitrogen was recovered. That the remain- 
ing nitrate and ammonium nitrogen was 
combined with the coagulable protein or 
amino acids is shown by a comparison of 
two methods of extraction — namely, 
aqueous extraction and electrodialysis — 
of young green tomato stems which had 
been ground and divided into three 100- 
gm. aliquots. The data (table 2) show 



Fig. 2, — Nitrate and ammonium ions extracted 
from young tomato plant tissue in 800 ml. of water 
for 30 minutes at indicated pH values. Figures on 
left represent gm. of nitrate or ammonium nitrogen 
removed from loo gm. of green tissue. 

that more nitrate and ammonium ions 
were removed by electrodialysis than by 
aqueous extraction and, furthermore, that 
the coagulated protein removed from the 
aqueous extract contained some nitrate 
but no ammonium nitrogen. 

Three groups of tomato plants were 
grown in soil adjusted to pH 4.0^ 6 ,q, and 
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74. Each group of plants was div'ded into 
three lots which were supplied, respec- 
tively, with nutrient solutions containing 
ammonium sulfate, sodium nitrate, or 
ammonium hydroxide. Samples of leaf 
tissue were removed when the plants 
were 10-12 inches tall and were analyzed 
by electrodialysis as well as by aqueous 

TABLE 2 

NITRATE AND AMMONIUM IONS EXTRACTED 
FROM TOMATO-STEM TISSUE BY 
VARIOUS METHODS 


Sample 

Method of extraction 

Mgm. in 

GREEN ' 

Nitrate 

1 00 GM, 

TISSUE 

Ammo- 

nium 

I 

Electrodialyzed 

510 

49 

20 

Aqueous extraction 

347. 

27 

2b 

Coagulated proteins from 

14 : 

0 


20 



3 

Aqueous extraction 





Electrodialyzed before re- 

497 

51 


moval of proteins 



3^ 

Electrodialyzed after re- 

354 

34 


moval of proteins 




extraction. For plants supplied with ni- 
trate nitrogen there was very little differ- 
ence in the amounts of ions recovered by 
the two methods of extraction (fig. 3). 
When grown with ammonium sulfate, 
the method of extraction affected the re- 
covery of ammonium nitrogen from 
plants grown at pH 4.0 but not from those 
grown at pFI 6.0 and 7.4. This may be 
explained by the differences in growth 
and in the rate of nitrogen assimilation 
in plants rooted in soils of different pH 
values (22). The nitrate nitrogen re- 
covered by the two methods of extrac- 
tion showed large differences in plants 
grown with either ammonium sulfate or 
ammonium hydroxide. 

Tomato plants were grown in sand 
cultures at different pH values main- 
tained by continuously flowing nutrient 
solution. The data shown in figure 4 were 
obtained from plants supplied with cal- 
cium nitrate as the source of nitrogen. 
The recovery of ammonium nitrogen 
showed little difference between the two 
methods of extraction, but the method 



Fig. 3. — Nitrate and ammonium ions recovered from tomato-plant tissue by two methods of extraction 
from plants grown on soils having three different pH values. Figures on left represent gm. of nitrate or 
ammonium ions in extracts from 100 gm. of green tissue. 
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used had considerable influence on the 
amount of nitrate nitrogen recovered 
from plants grown at pH 3.5, 4,5, and 
7.5. Apparently nitrate ions were com- 
bined with ampholytes in the plants 
grown at pH 3.5, 4.5, and 7.5. It is inter- 
esting to note that the point of exchange 
neutrality" for tomato-stem tissue is be- 


0 £i£cmi>iALysTs 
^ AQUeoUS eJCTHACT 



as ^ ~~~s£ ~7j‘ 


IiG. 4. Amounts of nitrate and ammonium 
nitrogen recovered by two methods of extraction 
of tomato plant tissue. Plants grown in sand with 
calcium nitrate as source of nitrogen. Scale repre- 
sents gra. in 100 gm. of green tissue. 

tween pH 5.5 and 6.5. It would seem that 
nitrate ions can be easily recovered from 
such tissue by aqueous extraction be- 
tween these points. 

In figure 5 are shown similar data for 
roots, stems, petioles, and leaf blades of 
tomato plants grown in sand culture 
with nitrate nitrogen. Extraction of 
samples representing the four regions 
was carried out under uniform condi- 
tions; no attempt was made to change 

^ The point of exchange neutrality is used to 
designate that pH value at which the free ampho- 
lyte combines with an equal number of cations and 
anions in a particular salt solution in exchange for 
hydrogen and hydroxyl ions. 


the natural pH of each extract. More ni- 
trate nitrogen was extracted in each case 
by electrodialysis than by aqueous ex- 
traction ; the differences were 1 19% in the 
roots, 126% in the stems, 43% in the 
petioles, and 126% in the leaf blades. 
The total amount of nitrate varied; it 
was highest in the roots and least in the 
blades. The percentage amount of com- 
bined nitrate is correlated with the com- 
parative amount of protein nitrogen in 
the roots, stems, and leaves of tomatoes 
grown with sodium nitrate, as shown 
graphically in figure 2 of an earlier publi- 



Fig, 5. Amounts of nitrate and ammonium 
nitrogen removed by electrodialysis and aqueous 
extraction from different tissues of tomato plants 
grown in sand culture with no attempt to control 
pH of nutrient solution. Scale represents gm. in 
100 gm. of green tissue. 

cation (22). In leaves, with five times as 
much protein nitrogen as in roots, there 
was 126% more nitrate recovered by 
electrodialysis than by aqueous extrac- 
tion. The roots and stems had approxi- 
mately the same percentage content of 
protein, but the percentage increase in 
nitrate nitrogen extracted by electro- 
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dialysis over aqueous extraction was 
slightly higher in the stems than in the 
roots. There is considerable difference 
between fine-root and stem tissues in the 
types of proteins and am no acids found. 

Discussion® 

Michaelis (8) has shown that casein 
and gelatin have isoelectric points at ap- 
proximately pH 4.7 and that these pro- 
teins forms dissociable compounds with 
anions in a solution having a pH value 
above the isoelectric point. Mattson (7) 
carried this work further and found that 
the laws governing the soil ampholytoids 
—that is, the chemical behavior of the 
“silicated, phosphated and humated 
compounds of the sesquioxides” — ^may 
be extended to proteins in the soil which 
are in effect derived from plants and are 
part of the organic matter of the soil. 
Proteins, then, when in the presence of 
anions and cations at any given pH, will 
form compounds which dissociate eithei 
anions or cations, depending on their iso- 
electric points. 

There is some evidence that other 
than nitrate and ammonium ions are 
combined in plant cells. Luteman and 
Waibridge (6) suggested that magnesi- 
um is found in combined and uncom- 
bined forms. Whether the combined 
magnesium is anything more than that 
present in the chlorophyll molecule is not 
clear; since metallic ions do associate 
with organic matter in the soil (7), we 
may assume that they also do so in pro- 
toplasm. Nightingale et al. (9) have 
shown that calcium may be combined 
with the protein complex and that, when 

^ this discussion only nitrate and ammonium 
10ns are_ used for illustrating certain reactions. 
Other anions and cations would, of course, be pres- 
ent and would complicate the reactions in the cell. 
Whether other anions and cations behave in a simi- 
lar manner requires further investigation. Pre- 
liminary indications are that they do. 


calcium-deficient plants, which have 
stopped growing because of a lack of sol- 
uble calcium, are placed in continuous 
darkness, proteolysis releases a sufficient 
• amount of usable calcium so that growth 
may be resumed. Nightingale et al. 
(12) suggested the possibility that potas- 
sium may be held by protein, although 
they recovered practically all the potas- 
sium by water extraction.’ This, however, 
does not prove that potassium may not 
be so combined. They (13) found no re- 
lease of sulfate ions when the residue 
from water extraction was electrodia- 
lyzed. Here again the hypothesis that 
ions combined with ampholytes was not 
disproved. 

In view of the fact that the data show 
a chemical combination between the 
ampholytes of the cell and the absorbed 
common ions or electrolytes (nitrate and 
ammonium ions), it is of interest to know 
whether the relationship of this phenom- 
enon to the* assimilation of nitrate and 
ammonium ions is more than a buffer 
system in the plant and whether it may 
account for observed phenomena in the 
determination of ammonium and nitrate. 
The following observations indicate the 
existence of such dissociation complexes 
in tissue extracts: (a) Electrodialysis in 
many cases recovers more anions and 
cations than is possible by aqueous ex- 
traction (figs. 2, 3). (J) The quantity of 
nitrate and ammonium ions recovered by 
aqueous extraction of tissue depends on 
the pH of the extracting fluid (fig. 2). 
(c) The recovery of ammonium ions from 
aqueous extraction by aspiration with 
weak alkali is a prolonged process com- 
pared with recovery from a pure am- 
monium salt, (d) The aspiration method 
of Sessions and Shive (18), using sodi- 
um carbonate for ammonium and sodium 
hydroxide for nitrates, recovers addition- 
al ammonium ions with sodium hydrox- 
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ide which apparently are not derived 
from the reduction of nitrate ions. 

These observations would indicate 
that the chemical attraction between 
ampholytes and the common ions not 
only is a phenomenon characteristic of 
the proteins, as suggested by Theron 
( 19) and Loeb (5), but seems associated 


Michaelis (8) listed a number of 
amino acids which occur in plants; their 
isoelectric points range from pH 2.76 for 
aspartic acid to pH 10.97 for arginine. 
Some of these are placed on the graph in 
figure 6, showing the theoretical curves 
for ammonium and nitrate absorption 



with the soluble ampholytes as well. A 
mechanism has been suggested by Loeb 
(5) which shows how these ions may be 
combined with protein; 


R< 


NIL " ■ 
COOH 


+ HNOv 


■R< 


NH3NO3 

COOH 


^ ^ CWH + NH4OH V- R <co6nH + 


If aspartic acid (pH 2.76) and asparagine 
(pH isoelectric below pH 4.2, exist 
as free ampholytes in the cell, they would 
combine primarily with ammonium ions 
(or cations in general) at any pH of the 
sap above their isoelectric points. The 
hydrogen of the ampholyte would be 
displaced by the ammonium ion. Argi- 
nine (pH 10.97), lysine (pH 9.4), and 
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histidine (pH 7.15) — amino acids which 
Pearsall and Ewing (14) reported as 
being present in the potato — have iso- 
electric points above 7.0 and would com- 
bine primarily with nitrate ions and with 
anions in general if the pH of the cell sap 
was more acid than pH 7.0, although 
histidine may combine with cations in 
rapidly dividing parenchymatous cells 
which Eckerson (2) stated may have a 
pH of 7.4. 

The following reactions may take 
place: Suppose asparagine and aspartic 
or glutamic acids, with isoelectric points 
lower than pH 4.2, occur in tomato sap 
at pH 5.4. They would dissociate hy- 
drogen ions, whereas dissociation of the 
hydroxyl ions would be suppressed.^ 
They would react with ammonium ni- 
trate as follows: 

NH.RCOOH -f NH4NO3 

-> NH.RCOONH 4 4- HNO 3 . 

The ammonium ion would form a weakly 
dissociated salt with the ampholyte. The 
sap would tend to become more acid be- 
cause of the free nitric acid. If histidine, 
lysine, and arginine, with isoelectric 
points above pH 7.0, also occur in the 
tomato juice, they would dissociate hy- 
droxyl ions, while dissociation of hy- 
drogen ions would be suppressed. They 
would react with ammonium nitrate as 
follows: 

NH.RCOOH + NH 4 NO 3 

->NH3N03RC00H -f NH 4 OH . 

The nitrate ions would form weakly dis- 
sociated compounds with the ampho- 
lytes. The sap would tend to become 
more alkaline. The free acid and am- 

3 The papers by Flint (3) are extremely interest- 
ing regarding H'** and OH” ions. The validity of his 
hypothesis is recognized- H+ and OH” ions are 
used for positive and negative charges in the present 
paper. 


monium hydroxide would neutralize each 
other, and any change in reaction would 
depend on the amount of ampholytic ma- 
terial having isoelectric points at differ- 
ent pH values. 

The process — ampholytic behavior of 
protoplasm. — in the plant ceil, however, 
is not so simple as these reactions would 
indicate. A large number of amino acids 
having isoelectric points between pH 5.0 
and 6.5 — such as phenylalanine, cystine, 
tyrosine, valine, leucine, alanine, and 
proline — would dissociate hydrogen, hy- 
droxyl, or protein (ampholyte) ions, de- 
pending on the pH of the sap of any par- 
ticular tissue. These ions would enter 
into chemical combination with electro- 
lytes and form dissociable compounds. 
The pH values of the isoelectric points 
of these amino acids are so close to the 
pH values of sap in many cells that they 
might change their charge several times 
during a day since, according to Ingalls 
and Shive (4), the composite pH of cell 
sap fluctuates considerably. 

The data suggest that three types of 
nitrate and ammonium ions are present 
in plants which are absorbing these ions 
from a nutrient solution: (a) free ions in 
solution as mineral salts; (b) ions associ- 
ated with amino acids and other soluble 
plant products which may be quite 
mobile; and (c) ions associated with pro- 
teins and other materials which are in a 
more or less colloidal condition or may 
even be insoluble and become part of the 
reserve material in the plant. If this as- 
sumption is correct, it offers a possible 
explanation why a Donnan equilibrium 
hypothesis (i) is difiicult to apply to data 
when the ion concentration in the plant 
is much higher than that existing in the 
nutrient solution. The concentration of 
any given free ion in an absorbing cell is 
probably not higher than the concentra- 
tion in the nutrient solution surrounding 
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it. Chemical data which show a higher 
concentration of nitrate in a composite 
sample of tissues than is present in the 
solution surrounding the roots does not 
prove that a Donnan equilibrium does 
not exist in the root hairs. The higher 
concentration in the composite sample 
may be accounted for by the ions as- 
sociated with soluble or insoluble organic 
materials in cells other than those that 
actually absorb the nutrients. Further- 
more, it is difficult to interpret data ob- 
tained from a mass of plant tissue in 
terms of the concentration in the nutri- 
ent solution. The Donnan equilibrium 
hypothesis must be applied to those root- 
hair cells where absorption takes place 
and not to those cells much farther re- 
moved from the absorbing region. In 
tomato, in which nitrate occurs through- 
out the plant, much higher concentra- 
tions are recorded (ii) than in apple 
(21) or asparagus (10), in which it is sel- 
dom found except in the fine roots. It is 
probably safe to assume that a Donnan 
equilibrium does exist with respect to 
cells instrumental in absorbing ions from 
the nutrient solution. 

On the basis of the data presented it 
would seem that a logical explanation for 
the slow recovery of ammonium and ni- 
trate ions from plant extracts containing 
those ions is available. During the as- 
piration for the recovery of ammonium 
ions, the pH remains above 10, estab- 
lishing negative charges on most of the 
amino adds present. These charges 
would readily be neutralized by some 
ammonium ions and other cations. Am- 
monium ions which are combined as 
mineral salts would be easily removed by 
aspiration, but those associated with sol- 
uble ampholytes would not be removed 
any faster than equilibrium could be re- 
established through replacement of am- 
monium by sodium ions after the free 


ions were removed. This would be a slow 
process. 

The determination of nitrate nitrogen 
should be a more rapid process if the re- 
sulting ammonium ions were removed as 
soon as they are formed, because most of 
the nitrate ions probably exist as free or 
inorganic-salt ions. However, the aspira- 
tion process usually is much slower, so 
that equilibrium is established between 
the ammonium ions reduced from nitrate 
and the soluble ampholytes before the 
ammonium ions are removed from the 
solution. The determination of nitrate 
would then involve the same association 
and dissociation phenomena attendant 
to the determination of ammonium ni- 
trogen. The greatest difference in the 
amounts of ions obtained by extraction 
with water and by electrodialysis occurs 
at those pH values farthest from the iso- 
electric points; the least difference is 
found when the greatest volume of am- 
pholytic material is at its isoelectric 
point. In the case of tomato tissue the 
latter is around pH 6.0 to 6.5. 

The explanation, therefore, for the re- 
tention of ions in cells in higher concen- 
trations than that present in the nutrient 
solution seems comparatively simple. If 
we assume that the pH of the protoplasm 
of any given cell is the algebraic sum of 
all positive and negative charges where 
mineral anions and cations are in equi- 
librium with one another as w^ell as with 
soluble organic anions and cations or 
with dissociated charges on cell colloids, 
a further assumption is necessary to ex- 
plain the change in acidity of a nutrient 
solution as ions are absorbed. On the 
basis of the Donnan equilibrium hy- 
pothesis, we may assume that there is 
a continual exchange of free ions through 
the cell membrane. The nitrate and am- 
monium ions must then play a role in 
changing the equilibrium in the cell by 
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means of the chemical changes attendant ments. In rapidly dividing cells they are 
to the formation of amino acids with sol- probably in a highly dispersed condition, 
iible carbohydrates, because it has been Eckerson (2) stated that parenchy- 
shown that changes occur in the equi- matous cells of this nature have pH 
librium of the nutrient solution only values as high as 7.6. Casein and soy- 
when nitrate and ammonium ions are bean-seed protein become so highly dis- 
being assimilated (22). Nightingale (by persed in the presence of ammonium hy- 
letter) suggested that changes in pH oc- droxide at pH values above 6.5 that they 
cur at the surface of the cell membrane, cannot be separated from water with 
even though a constant pH is maintained ordinary filters. The same proteins floe- 
in the nutrient solution. In other words, if culate at pH 4.6 to 4.7 — the pH of their 
nitrate or ammonium ions are being isoelectric points — and are then readily 
rapidly assimilated (amino acids syn- separated from water by filtration, 
thesized), the ions with which they were Pearsall and Ewing (14) stated that 
associated remain at the cell membrane many vegetable proteins have isoelectric 
and cause a temporary change in acidity, points between pH 3.0 and 5.6. Ecker- 
the degree depending on the rapidity son (2) reported that xylem tissue is acid 
with which excreted ions diffuse and (pH 4.4) and that mature cells in which 
come into equilibrium with the other ions the protein may be precipitated are acid, 
in the solution. In water cultures this In other words, the proteins are near the 
would be much more rapid than in sand pH values of their isoelectric points and 
cultures, which, in turn, would facilitate are no longer dispersed in the cells be- 
more rapid diffusion than in a soil. The cause of the acid reaction, 
fact that the ions associated with the ni- Cells which are primarily concerned in 
trate or ammonium ions do not enter the the assimilation of nitrate and ammoni- 
cell as rapidly seems indirect proof that um ions, therefore, have saps with com- 
a Donnan equilibrium phenomenon does paratively high pH values and viscous, 
exist — the concentration of free plus dis- highly dispersed protoplasts. The abun- 
sociable ions in the cell probably is never dant protoplasm in the cells of phloem, 
greater than in the nutrient solution. cambium, other meristems, parenchyma, 
It would seem that it is necessary to and root hairs consists of highly dis- 
attribute another function to absorbed persed proteins in which there are many 
ions. From the results obtained by soluble amino acids, electrolytes, sugars, 
Mattson (7) and evidence by the above fatty materials, and other substances. 


data, certain ions have the function of some of which have amphoteric proper- 



keeping the protoplasm in a hydrated or ties. One would expect a high degree of 
highly dispersed condition. Cells of association between the ammonium and 
meristematic root tissue have a dense, nitrate ions and the proteins in such a 
hyaline protoplasm more or less uniform highly dispersed system, 
in appearance, containing the nucleus When plants become '^hard’’“Hiigh in 
and occasionally other bodies of greater carbohydrates— many of these hyaline, 
density. Proteins, which are insoluble rapidly dividing cells mature very quick- 
organic complexes at their isoelectric ly, and the composite pH of the tissue 
points, and abundant in rapidly dividing therefore becomes more acid (2), prob- 
cells, seem to be hyaline in appearance ably because of the presence of organic 
except when they are colored by pig- adds. The proteins become precipitated 
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and give the protoplasts a stringy-granu- 
lated appearance. It has been shown that 
tomato plants in this “hard” condition 
become very succulent soon after a nu- 
trient solution containing ammonium is 
supplied j much more so than when ni- 
trate is supplied (20). This would seem 
to be strong evidence that organic acids 
combine with the absorbed ammonium 
ions (a slower process with nitrate ions 
because they must first be changed to 
ammonium). The pH values of the cells 
are raised, causing the protoplasts to be- 
come dispersed and amino acids to be 
formed. This is soon followed by cell di- 
vision, and evidence of growth is seen. 

The dispersion of the proteins, there- 
fore, probably results from combination 
with cations absorbed from the nutrient 
solutions. It has been shown (23) that 
sodium is very efficient in increasing the 
water-holding capacity of plant tissue 
and that calcium tends to counteract the 
effect of sodium. Many of these cations 
probably do not exist as free ions, as sug- 
gested by Hoagland, quoted by Theron 
(19), but as dissociation products of col- 
loidal compounds (proteins) and amino 
acids. The degree of dispersion in a cell 
with a sap at pH 7.0 is then the result of 
the ratio of the various cations. Matt- 
son (7) also has shown that calcium sup- 
presses the dispersion, particularly as the 
majority of the proteins may be consid- 
ered electronegative. Mattson further 
showed that iron and aluminum precipi- 
tate proteins and form undissociated 
complexes. These complexes have iso- 
electric points at pH values between the 
pH 4.0 of protein and pH 8.0 of the iron 
salt employed (in this case no aluminum 
was present in the nutrient solutions); 
the actual value depended on the propor- 
tion of protein to iron salt in combina- 
tion. This may have some bearing on the 
difference in iron assimilation observed 
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between nitrate- and ammonium-supplied 
trees in an experiment in which the effect 
of pH on nitrate and ammonium assimi- 
lation (21) was studied. 

The high degree of dispersion or swell- 
ing of proteins with cations indicates a 
negative charged colloid of high inten- 
sity. These proteins are then able to com- 
bine with amino acids and electrolytes. 
The complex formed would have nega- 
tive and positive charges which would be 
exchanged for other anions and cations. 
The pH of a cell would then be the point 
at which equilibrium of the dissociating 
negative and positive charges was es- 
tablished, The absorption of nitrate and 
ammonium and other ions would depend 
on the number of negative and positive 
charges which could be displayed at any 
given pH. The number of free ions in the 
cell would depend on the concentration 
in the nutrient solution, while some are 
combined with ampholytes in the cell. 
The pH of a cell may then be considered 
as resulting from exchange reactions with 
reference to the absorption of anions and 
cations. That there would be consider- 
able overlapping is graphically shown in 
figure I. This overlapping of absorption 
of cations and anions is the result of the 
ratio of dissociation of negative and posi- 
tive charges, depending on the relation 
of the pH to the nutrient solution and the 
pH of the isoelectric points of the various 
ampholytes present. Theoretically, cati- 
on or anion absorption would not cease 
until the pH of the nutrient solution was 
more acid or more alkaline than the pH 
of the lowest or highest isoelectric points 
of the constituent parts that make up the 
protoplast. Fortunately, these conditions 
seldom occur under normal conditions, 
because the protein would become coag- 
lated or so highly dispersed that life 
could not exist. Pirschle (15), using 
nitrate nitrogen, obtained a bimodal 
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curve for growth of some plants over the 
pH range from 3.0 to 9.0. He found less 
vigorous growth in many plants at pH 
6.0 than at pH 4.0 or 8.0. This may have 
been related to the ampholytic nature of 
protoplasm. 

Raber (16) assumed that the so-called 
‘^cell membrane’’ is negatively charged. 
The cell membrane of an absorbing cell, 
however, is probably in equilibrium with 
its protoplast and may carry negative or 
positive charges, depending on the pH of 
the nutrient solution and upon the na- 
ture of the material at the periphery of 
the cell. If the membrane or material has 
amphoteric properties, it probably car- 
ries either one or the other charge, de- 
pending on the relation between the pH 
of the isoelectric point and the pH of the 
nutrient solution. This would seem rea- 
sonable, in view of the fact that both ions 
must be absorbed in order to account for 
the growth Pirschle obtained at differ- 
ent pH values. It must be remembered 
that the absorbing area of feeding roots 
is the newly formed region back of the 
tip where root hairs are abundant. Any 
effect of a nutrient solution on the as- 
similation of ammonium or nitrate ions 
is exerted through these root hairs, es- 
pecially in the apple, in which the assimi- 
lation of nitrate ions to amino acids oc- 
curs in the very fine roots (21). 

The synthesis of amino acids in the 
roots of apple, accompanied by utili- 
zation of carbohydrates, undoubtedly 
causes changes in the pH of the cell con- 
tents, which helps to account for the 
diurnal variations, observed by Ingalls 
and Shive (4), in the pH of the com- 
posite plant tissue, Theron (19) has 
shown that the pH of the nutrient solu- 
tion also affects the buffer capacity of the 
protoplasts of the root cells quite mate- 
rially. These changes in the pH of the 
cells therefore account for a system that 


is shifting back and forth, in which the 
ratio of cations to anions that displace 
positive and negative charges is con- 
tinually changing. This change in ratio 
of charges and the effect of the anions 
and cations thus combined on the disper- 
sion of the protoplast and the saponifica- 
tion of fats undoubtedly influence mark- 
edly the growth and division of cells and 
the assimilation pf ammonium and ni- 
trate ions. These processes are probably 
most favored just above or below the 
normal pH of the cell sap. The rate at 
which the two ions are assimilated then 
depends on the reduction of the nitrate 
ions. If more ammonium ions are being 
absorbed by one plant than are made 
available by the reduction of nitrate ions 
in another plant, amino acids will ac- 
cumulate more rapidly in the former, 
providing, of course, that carbohydrates 
are plentiful. 

From this discussion it may be as- 
sumed that any method of removing 
anions or cations from living tissues 
which does not take into consideration 
the isoelectric points of proteins and 
amino acids would fall far short of giving 
more than comparative data. For com- 
plete recovery the ions must be disposed 
of by electrical devices which remove 
them as soon as they are released through 
equilibrium phenomena, or the tissue 
must be completely destroyed so that the 
ions are released to a free state. This dis- 
cussion may throw some light on the dif- 
ficulties encountered in obtaining data 
which agree or check according to the- 
oretical concepts. 

Summary 

Data are presented which show that 
nitrate and ammonium ions may not be 
recovered from living tissue in absolute 
amounts. This results from the fact that 
protoplasm contains proteins and amino 



1947] 


TIED JENS— AMMONIUM AND NITRATE NITROGEN 


acids which have amphoteric properties 
and which form dissociation compounds 
with nitrate and ammonium ions which 
obey the laws of electrochemistry. The 
conditions in cells necessary to support 
the above assumption are suggested, to- 


gether with an explanation of conditions 
which favor nitrogen assimilation and 
subsequent growth in plants. 

Virginia Truck Experiment Station 
P.O. Box 2160 
Norfolk i, Virginia 
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PIGMENT GLANDS OF COTTONSEED. III. DISTRIBUTION AND 
SOME PROPERTIES OF COTTONSEED PIGMENTS 

C. H. BOATNER, C. M. HALL, R. T. O’CONNOR, AND L. E. CASTILLON^ 


Introduction ties a method which employs mechanical 


For a number of years the direct sol- 
vent extraction of cottonseed for the pro- 
duction of oil and meal has been recom- 
mended as a practical method of process- 
ing (9, 10, II, 13, 14, 19, 20, 24, 25), but 
it has only recently been applied on a 
commercial scale in the United States. 
The recent successful development of 
solvent extraction methods for the proc- 
essing of soybeans (12), as well as the 
current trend toward the use of processes 
requiring the employment of a minimum 
of labor, has intensified interest in the 
application of this method to cottonseed. 
However, the unique system of pigments 
in the kernel of the cottonseed not only 
differentiates this seed from others but 
poses problems which are not encoun- 
tered in the processing of other commer- 
cial oilseeds. Although the control of 
color is not the only difficulty, it is one 
of the principal ones encountered in ap- 
plication of solvent extraction to cotton- 
seed on an industrial scale. 


disintegration and flotation was devised 
as a means of separating pigment glands 
from other seed tissue and oil. 

It has also been shown (6) that the pig- 
ment glands owe their mechanical 
strength to a thick encompassing wall, 
composed of cellulose impregnated with 
a pectinaceous material and exteriorly 
coated with a thick layer of cutin. This 
wall is readily ruptured by contact with 
water and a few water-miscible alcohols, 
ketones, and ethers of low molecular 
weight. The relatively slow rupturing of 
the wall on contact with other organic 
liquids was found to result from the 
presence of moisture in the seed or sol- 
vent. 

Even casual examination of a section 
of cottonseed will reveal that most of the 
deeply colored pigments of the kernel are 
concentrated in the pigment glands. The 
oil and extraglandular tissue are colored 
a faint yellow, whereas the glands may 
vary from yellow, through various shades 



of orange and red, to dark purple. It has 
generally been assumed that all the 
gossypol and most of the other pigments 
of the seed are segregated in the glands, 
but no accurate determination has here- 
tofore been made of the extent to which 
this occurs or to differentiate the extra- 
f rom the intraglandular pigmented mate- 
rial. Consequently, the present investiga- 
tion was undertaken with the object of 
ascertaining the distribution of the cot- 
tonseed pigments between the glands and 
the extraglandular tissue and oil. Further 
information has also been sought con- 
cerning the behavior of the pigments 


It has been shown (4) that the pig- 
ment glands, which contain most of the 
pigments of the kernel, are mechanically 
very strong and are resistant to the ac- 
tion of a considerable number of types of 
organic solvents such as the hydrocar- 
bons, chlorinated hydrocarbons, and 
glycerides. These glands possess a den- 
sity of approximately 1.378 gm./cc., 
which is less than that of the other tissue 
of this seed. On the basis of these proper- 

^ Southern Regional Research Laboratory, Bu- 
reau of Agricultural and Industrial Chemistry, 
Agricultural Research. Administration, United 
States Department of Agriculture. 
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during extraction of the oil with different 
solvents. 

Material and methods 

Preparation op seed, meal, and 
GLAND SAMPLES FOR EXTRACTION.— Sam- 
ples of seed kernels were finely divided 
by flaking or grinding to insure subse- 
quent contact of the pigment glands with 
the solvent. When small samples of seed 
were to be extracted, the kernels were 
ground in a Bauer mill or in a glass 
mortar and then passed through a U.S. 
No, 50 sieve. Larger samples were pre- 
pared by flaking the kernels on rolls set 
at 0.003 clearance; this produced 
flakes varying in thickness from 0.004 to 
0.008 of an inch. 

Samples of defatted meal were pre- 
pared in a Soxhlet apparatus by extract- 
ing weighed amounts of flaked kernels 
with petroleum naphtha^ for 4-6 hours. 

Samples of pigment glands and of 
gland-free meal were prepared by means 
of the previously described flotation 
process (4, 23). Some of the samples were 
freed of adhering tissue by prolonged 
agitation of flaked meats in the flotation 
mixture (4); others were freed of small 
residual amounts by shaking them with 
finely divided silica suspended in petro- 
leum naphtha (23). 

Samples of flaked or ground meats, of 
defatted meal, or of glands which had 
been wetted to produce preliminary rup- 
turing were dried for 18 hours in a vacu- 
um desiccator over anhydrous calcium 
sulfate before extraction with organic 
solvents. 

Preparation of extracts.— Small 
samples of seed, of defatted meal, or of 
pigment glands were extracted with 
chloroform, diethyl ether, or petroleum 

“ The petroleum naphtha used in this investiga- 
tion was a commercial pentane-hexane fraction, 
boiling range 95°-! 38° F. 


naphtha under the conditions previously 
described (2, 5) as being essential to in- 
sure complete extraction and subsequent 
stability of the pigments; that is, by 
equilibration for periods of not less than 
24 hours at 38° F., and in the absence of 
light. All extracts were stored under 
these same conditions, and their absorp- 
tion spectra were determined within a 
period of 72 hours after the extraction 
was started. Extraction of pigments with 
aqueous solutions of water-miscible or- 
ganic solvents was accomplished by 
equilibration for periods of 10-30 min- 
utes. 

Complete extraction of the residual 
gossypol from solvent-extracted meals, 
and from meals freed of pigment glands 
by the flotation method, was accom- 
plished by the following adaptation of a 
recently published method (22) for the 
determination of gossypol in cottonseed 
and cooked cottonseed meal. To a 
weighed sample of meal, ground to pass a 
U.S. No. 50 sieve, there was added 30 
ml. of 30% aqueous ethanol (by weight) . 
The mixture of meal and solvent was 
shaken vigorously and allowed to stand 
for one-half hour. In order to dissolve the 
resultant suspension of gossypol, 70 ml.- 
of 72% aqueous ethanol (by weight) was 
added. The mixture was then agitated 
and centrifuged. Alternatively, samples 
of gland-free meal were treated directly 
with 60% aqueous ethanol. Aliquots of 
the supernatant solution were transferred 
to chloroform for application of the alka- 
line extraction method (5) for the isola- 
tion of gossypol, followed by the anti- 
mony trichloride spectrophotometric 
method (3) for the determination of the 
concentration of the isolated gossypol. 

The size of meal sample used in prepa- 
ration of the aqueous ethanol extract was 
adjusted on the basis of its gossypol con- 
tent. Since the gossypol content of meals 
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extracted with petroleum naphtha varied 
from 0.5 to 2.0%, relatively small sam- 
ples (o.25-”i.o gm.) of these meals were 
used. Larger samples (2.0-10.0 gm.) of 
diethyl ether-extracted and gland-free 
meals were used because of their low 
content of gossypol. 

Determination oe absorption spec- 
tra AND PIGMENT CONTENT. — All absorp- 
tion spectra were measured with a Beck- 
mann quartz spectrophotometer except 
those of the antimony trichloride reaction 
products, which were read in a Coleman 
monochromator spectrophotometer. Ex- 
tinction coefficients of extracts were ex- 
pressed as or as £f cm.^' in terms of 
the weight of kernels, glands, or meals 
extracted. The extinction coefficients of 
extracted oils were expressed as 
terms of the weight of solvent-free oil 
dissolved. 

All absorption measurements were 
made on chloroform solutions to elimi- 
nate differences resulting from the effect 
of the solvent. The absorption spectra of 
extracts prepared with chloroform were 
read directly, those for solvent-free ex- 
tracted oils after solution of the oils in 
chloroform, and those for extracts pre- 
pared with solvents other than chloro- 
form after transfer to chloroform. In or- 
der to transfer the pigments from water- 
immiscible solvents to chloroform, ali- 
quots of the extracts were evaporated 
under reduced pressure at room tempera- 
ture, and the residues were dissolved in 
measured volumes of chloroform. When 
a water-miscible solvent was used for ex- 
traction, a measured volume of chloro- 
form was added to an aliquot of the ex- 
tract, after which water was added to the 
mixture until all the color had been trans- 
ferred to the chloroform layer upon shak- 
ing and centrifuging the mixture. 

The gossypol content of seed was de- 
termined by direct application of the 


antimony trichloride spectrophotometric 
method (2) to chloroform solutions of the 
extracts. For the determination of the 
content of residual gossypol of solvent- 
extracted meals and of meals freed of 
pigment glands by the flotation process, 
gossypol was first isolated from the ex- 
tracts by the alkaline extraction method 
(5) ; the antimony trichloride spectropho- 
tometric method was applied to the 
isolated gossypol. Preliminary isolation 
of gossypol by the alkaline extraction 
method was also applied for the accurate 
determination of the gossypol content of 
petroleum naphtha-extracted oils. 

The gossypurpurin content of seed, 
meal, and gland samples was estimated 
on the basis of the extinction coefficients 
of chloroform extracts at 564-567 m/i, 
the wave-length region of maximum ab- 
sorption of gossypurpurin (i, 5), The 
percentage concentration was calculated 
by means of the formula (Ef4n. ex- 
tract/iSffni. gossypurpurin) X 100. 

Results 

Intraglandular PIGMENTS. — Anhy- 
drous petroleum naphtha was used for 
extracting the oil and the oil-soluble ex- 
traglandular material from dried cotton- 
seed. The absence of both gossypol and 
gossypurpurin was demonstrated by 
spectrophotometric examination of the 
extract; this constitutes evidence that 
all the gossypol and goss3purpurin of the 
seed kernel are segregated in the pig- 
ment glands. 

Gossypol constituted from 39 to 49% 
and gossypurpurin from 0.61 to 1.73% 
of the weight of glands separated from 
several samples of pure-bred seed of dif- 
ferent varieties of Gossypium kirsutum 
(table i). Since all the gossypol and 
gossypurpurin was segregated in the 
glands, the gland content of the kernels 
was determined on the basis of the rela- 



194 /] 


BOATNER ET AL.— COTTONSEED PIGMENTS 


III 


tive content of gossypol in the separated 
glands and in the corresponding kernels. 
The percentage, by weight of glands, in 
each sample was calculated by means of 
the formula; (% gossypol in seed/% 
gossypol in glands) X loo. Because of 
the instability of gossypurpurin in solu- 
tion, similar calculations based on the 
ratio of this pigment in the seed and in 
the corresponding samples of glands were 
considered to furnish a less accurate 
measure of the content of glands. The 
content of glands in different samples of 
seed was found to vary within wide limits 
(2.37-4.81%). 

The spectral absorption resulting from 
the presence of gossypol in the afore- 
mentioned samples of pigment glands 
(table i) was calculated throughout the 
wave-length region of 250-430 m/i— the 
region of characteristic selective absorp- 
tion by this pigment— by dividing the 
extinction coefficient for pure gossypol 
(7) at each wave length by the gossypol 
content of the glands. The curve con- 
structed with these values (typical ex- 
ample in fig. I, curve B) was identical, 
within the limits of experimental error, 
with the experimentally determined 
curve of the absorption spectrum (typi- 
cal example in fig. i, curve of the 
chloroform extract of the glands, thus 
demonstrating the absence of any de- 
tectable amounts of a yellow pigment 
other than gossypol in the glands ex- 
amined. 

Corresponding samples of glands were 
extracted with chloroform, diethyl ether, 
methanol, ethanol, and aqueous mixtures 
of the last two solvents. The absorption 
spectra of the chloroform solutions of 
these extracts were identical with one 
another and with the spectral curve cal- 
culated for gossypol (fig. I, curve B) 
throughoiit the region from 250 to 
430 m/x. 


The complete absorption spectra from 
240 to 600 m/x of chloroform extracts of 
pigment glands (typical example in fig. 
I, curve F) were almost identical with 
the composite curves obtained by plot- 
ting the values calculated for both 
gossypol and gossypurpurin in the ex- 
tracts, thus indicating that these pig- 

TABLE 1 


Comparison of gossypol and gossypurpurin 

CONTENT OF SEED KERNELS AND OF CORRE- 
SPONDING PIGMENT GLANDS 


Nature and variety 
of products 

Gossypol 

content 

(%)* 

Gossy- 

purpurin 

content 

(%)t 

Content 
of glands 
in seed 
kernels 
(%)-i 

I. Delfos 65 1 § 

1.09 

0.055 

2.66 

2. Pigment glands 

from (i) 

40.9 

2.39 

I . 73 

0 . 0388 


3. Cleve wilt II 

4.81 

4. Pigment glands 

from (3) 

49-2 

1. 14 

0.612 


s. D&PL-4S11 

6. Pigment glands 

0. 0368 

2.92 


from (5) 

39.0 

I . II 

1 . 08 


7. Delfos -451-42-43** 
k Pigment glands 

0.0286 

2-37 


from (7) 

43-96 

1.08 





* Determined by antimany trichloride spectrophotometric 
method. 

t Calculated on basis of of chloroform extract and 
gossypurpurin, 225.7, at 565-566 mtx. 

t Calculated on basis of gossypol content of glands and 
corresponding seed: (% gossypol in seed/% gossypol in glands)- 
Xioo. 

§ Pure-bred cottonseed from 1943 crop at Stoneville, Missis- 
sippi, stored for 2 years prior to separation of glands. 

li Pure-bred cottonseed from 1943 crop at Clemson, South 
Carolina, stored for 2 years prior to separation of glands. 

*1 Pure-bred cottonseed from 1944 crop at Stoneville, Missis- 
sippi, stored for 2-1, years prior to separation of glands. 

Pure-bred cottonseed from 194s crop at Stoneville, 
Mississippi, stored for 1 1 years prior to separation of glands. 

ments were the only ones present in de- 
tectable amounts in the glands examined. 

Aqueous alkali extracted all the color 
from chloroform extracts of pigment 
glands. The material recovered by acidifi- 
cation of the alkaline extract gave an 
antimony trichloride reaction product 
which was stable for 24 hours and ex- 
hibited the absorption spectrum charac- 
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teristic of the reaction product of pure 
gossypol. 

Extraglandular oil-soluble pig- 
ments. The extinction coefficients for 
gossypol in each sample of seed kernels 
investigated were calculated by dividing 
the value of for pure gossypol at 

each wave length throughout the range 
from 250 to 430 m/x by the gossypol con- 
tent of the seed. The curves constructed 
by plotting the values calculated for 
gossypol in the seed extracts (typical 
example in fig. i, curve D) were sig- 
nificantly lower than the experimentally 


determined curves of the absorption 
spectra of the corresponding extracts of 
the seed (typical example in fig. i, curve 
•C). 

Anhydrous light petroleum naphtha 
was used with dried cottonseed flakes to 
extract the extraglandular, oil-soluble 
material, free of intraglandular material. 
The absorption spectrum of the extract 
(fig. 2, curve B) exhibited a broad maxi- 
mum at 368-374 m^i and an inflection at 
280 m^, in contrast to the maxima ob- 
served at 362-366, 288-289, and 278- 
280 m^ for gossypol in chloroform ex- 




4PQ 

f’-uVE LENGTH" Millimicrons 




WAVE LENGTH- M.li:microns 


wave length- Miilimiewj 


same seed, (Q SXm^xtract if cottonseed, (S) iietroleum naphtha extract of 
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tracts of the same seed (fig. 2, curve ^4) 
and of defatted seed (fig. 2, curve C). 

When special precautions were not 
taken to reduce the moisture content of 
seed and solvent, or when extraction was 
prolonged, or both, some of the glands 
were ruptured during extraction with 
petroleum naphtha. Consequently, the 
absorption spectra of such extracts (fig. 
3, curve A) indicated the presence of 
both gossypol and extraglandular pig- 
ment. Extraction with aqueous alkali 
was used to remove gossypol and the de- 
composition product of gossypurpurin 
from the petroleum naphtha extract. The 
absorption spectrum obtained with the 
residual solution (fig. 3, curve B) was the 
same as that obtained with a petroleum 
naphtha extract of dry seed (fig. 2, 
curved). 

The amount of gossypol in the original 
petroleum naphtha extract of moist seed 
was 0.336% of the weight of extracted 
oil. The composite curve, based upon the 
sum of the absorption calculated for 
gossypol in the extract and the absorption 
of the residual extract, was slightly lower 
than that of the original extract. It is not 
known whether this difference is a result 
of a shift in the absorption spectrum of 
the extraglandular pigment in the pres- 
ence of alkali, or whether it is caused by 
the removal of a small amount of the 
extraglandular material during alkaline 
extraction of gossypol from the extract. 

The extraglandular material formed 
an unstable reaction product with anti- 
mony trichloride which exhibited some 
selective absorption in the visible and 
near ultraviolet wave-length region which 
increased in intensity toward the shorter 
wave lengths. Transitory absorption 
maxima were usually observed at 420, 
4 So™46o, and 490 m/x. The absorption 
was intensified as the reaction product 


1 13 

aged, the increase being greater toward 
the regions of shorter wave lengths. 

Pigmentation of solvent-ex- 
tracted COTTONSEED MEAL.— All the 
gossypol was extracted from cottonseed 
of moderate moisture content during 
contact for a period of 24 hours with 
commercial-grade chloroform containing 



Fig. 3.— Absorption spectra of (A) petroleum 
naphtha extract of moist cottonseed and (B) same 
extract after removal of gossypol by extraction with 
aqueous alkali. 
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some moisture (table 2). Dried chloro- 
form extracted only part of the total 
gossypol present in dried cottonseed dur- 
ing the same period of contact. After pre- 
liminary moistening of the seed to rup- 
ture the pigment glands, all the gossypol 
was extracted within a few minutes by 
chloroform or aqueous ethanol. 


Light petroleum naphtha, in which 
gossypol is very slightly soluble, ex- 
tracted only a fraction of the total 
gossypol from cottonseed (table 3), even 
after preliminary moistening of the seed 
to rupture the glands. Since dried petro- 
leum naphtha extracted some gossypol 
from dried flakes, it was apparent that 


TABLE 2 

moisture on extraction of gossypol by organic solvents 




Method of extraction 

— - _ 

Sample 

Treatment 


1 


EXTRACTED 



Preliminary 

treatment 

Solvent 

Time of 
contact 
(hours) 

(% OF 

tot.al)* 

Cottonseed (CS-i6s) 
Cottonseed (CS-rhs). . . 
Cottonseed (CS-165). . 

Pigment glands (C-78) 

Pigment glands (C-78) 

Cottonseed (CS-ioi). . . . 

Cottonseed (CS-ioi) 

Cottonseed (CS-926) 

Cottonseed (CS>926) 

Cottonseed (CS-103). 

Cottonseed (CS-103) 

None 

Driedf 

None 

None 

Driedf 

None 

Wettedll 

None 

Wettedll 

None 

Wettedll 

None 

Driedf 

Ethanol (30%) § 
None 

Driedf 

None 

None 

None 

None 

None 

None 

Chloroform 

Chloroform 

Ethanol (6o%) 

Chloroform 

Chloroform 

Chloroform 

Chloroform 

Chloroform 

Chloroform 

Chloroform 

Chloroform 



24 

24 

1 

"(i 

24 

24 

2 

5 

24 

20 

24 

1 

15 0 

100 

40.8 

100 

100 

28.6 

100 

100 

100 

97 

100 

90 


i 05a 1 gossypol aetermineci by equilibration of untreated seed with chloroform -it R Gm- , . 1 . 

mony trichloride spectrophotometric method to extract. ^ ^ ‘ application of anti- 

t Dried in vacuum desiccator over anhydrous calcium sulfate, 
t Dried by treatment with calcium chloride. 

with 30% ethanol (30% ethanol by weight), then 72% ethanol added to yield a final extract of 60% (by weight) 
il Flaked or ground seed thoroughly moistened, then dried overnight in vacuum desiccator over anhydrous calcium sulfate. 



TABLE 3 

Extraction of gossypol from cottonseed by petroleum naphtha 


CONDITXON.S OF 
EXTRACTION 


Preparation of seed for 

EXTR.ACT10N 


Gossypol 

EXTRACTED 


Treatment 

OP SOLVENT 


Tempera- 

ture 

CF.) 


lime 

(hours) 


Ground meats, wetted, then dried t 

Seed hulled and flakedj 

Flaked meats, driedf 

Seed dried, til hulled, and ground. . . 


antimony trichloride reaction of chloroform extracts of original seed sample. 


and of petroleum naphtha extracts. ' ' - 

t Dried in vacuum desiccator over anhydrous calcium sulfate for 24 hours. 
t Moisture content of flaked meats, 8.44%. 

§ Dried by treatment with calcium chloride. || Moisture content of dried .seed. 3,85?; 
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some of the pigment glands had been 
ruptured during flaking of the seed. 
Drying of the seed before flaking pre- 
vented extraction of gossypol by anhy- 
drous petroleum naphtha. 

As another means of comparing the 
effectiveness of different organic solvents 
for the extraction of gossypol from cot- 
tonseed, the gossypol content of the dif- 
ferent solvent-extracted meals was deter- 


naphtha (table 4) demonstrates the vari- 
ety of conditions — namely, moisture 
content of seed and solvent and duration 
and temperature of extraction — which 
determines the amount of gossypol re- 
moved from cottonseed by such extrac- 
tion. Microscopic examination of these 
meals showed considerable variation in 
the distribution of pigments remaining 
after extraction with this solvent. Most 


TABLE 4 

Gossypol content of solvent-extracted cottonseed* 


Seed 


CS-527}. . 
CS-S27. . . 
CS-S27. . . 
CS-527... 
1610-E-22 
CS-165. . . 
1619-E-6 . 
1619-E-17 
1630-E-18 
1630-E-13 
1630-E-17 
486-E-77. 
4S6-E-27. 
CS-165. . . 


Solvent 


Commercial hexane and 
Diethyl ether 
Petroleum naphtha 
Commercial hexane f 
Commercial hexane and 
Commercial hexane and 
Commercial hexane and 
Commercial hexane and 
Diethyl ether 
Diethyl ether 
Diethyl ether 
Commercial hexane If 
Commercial hexane^ 
Petroleum naphtha 


tetrachlorethylene § 


tetrachlorethylene § 
tetrachlorethylene § 
tetrachlorethylene § 
tetrachlorethylene § 


Time of 
contact 
(hours) 


24 

24 

6 

6 

24 

24 

24 

24 

8 

8 

8 

6 

6 

2 


Gossypol con- 
tent of meal 

(%)t 


<0.0058^ 

0.025 

0.859 

1,91 

<0.007 

< 0.022 

<0.039., 

0 . 00 ** 

<0.032 

<0.032 

<0.052 

0.80 

1.90 

I. 81 


*’■' Commercial grade solvents and seed of moderate moisture content were used. 

t Extracted with 30% aqueous ethanol (by weight) followed by 72% aqueous ethanol, giving a final mixture of 
00% ethanol; gossypol then determined by antimony trichloride spectrophotometric method. 

J Moisture reduced to s %. 

§ Pigment glands removed by gland flotation process using mixture of commercial hexane and tetrachlorethylene 
having a density of i .378 gm./ml. 

ii Some ab.sorption at 520 mu owing to reaction of interfering substances with antimony trichloride. 

Ij Boiling range i46®-isS° F. 

Determined by application of antimony trichloride spectrophotometric method to aqueous alkaline extract 
of chloroform solution of aqueous ethanol extract of meal. 


mined. It was thus found that methanol, 
ethanol, isopropanol, acetone, 1,4-diox- 
ane, and aqueous mixtures of these sol- 
vents extracted all the goss3q)ol from 
cottonseed. Extraction of cottonseed 
with diethyl ether, or removal of pigment 
glands from the seed by the flotation 
method, removed all but traces of 
gossypol (table 4). 

The variation in content of gossypol 
observed in different samples of cotton- 
seed meal extracted with petroleum 


of the meals defatted with petroleum 
naphtha contained a large number of 
intact pigment glands. In many cases, 
however, the extraglandular tissue was 
colored a distinct yellow, while in others 
the tissue was almost colorless. It was 
thus evident that the yellow meals con- 
tained much of the pigments which had 
been discharged from ruptured pigment 
glands and had not subsequently dis- 
solved in the petroleum naphtha during 
extraction. 
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Extraction oe :residual pigments 

PROM DEFATTED meal.-~As showD by the 
first two entries in table 5, and as pre- 
viously established (2), independent ex- 
tractions of defatted cottonseed meal 
with chloroform frequently do not yield 
reproducible results. Since preliminary 
moistening of the defatted meals, in 

TABLE S 

Efeect of moisture on extraction of gossy- 

POL FROM COTTONSEED MEAI> AFTER PRELIMI- 
NARY DEFATTING WITH PETROLEUM NAPH- 
THA 


Meal 

Treatment before 
final extraction 

Solvent for 
extraction 

Gossy- 

pol 

(%)* 

C-ioi . . . . 
C-roi . . . . 
C-ioi . . . . 

None 

None 

Wetted t 

Chloroform 

Chloroform 

Chloroform 

0.65 

0.35 

0.17 

C-926, . . . 
C-926 .... 

C-926 

C-926 . . . . 

None 

None 

Wettedf 

Wettedf 

Chloroform 
-Diethyl ether 
Chloroform 
Diethyl ether 

1.00 

1.09 

0. 29 
0-39 

CS-165. ■ • 
CS-165. • ■ 
CS-165, . . 
CS-i6s. • • 

Ethanol(3o%)| 

None 

Wettedf 

Wettedf 

Ethanol (6o%) 

1 Chloroform 
Chloroform 
Ethanol (6o%) 

[■ 1 .81 

1 1.48 
0.44 
1.23 

CS-56. . . . 

cs-sa.... 

Ethanol (30%)! 
Wettedf 

E)thanol (6o%) 
Chloroform 

0.85 

O.OI 

cs-527. . . 
cs-527. . . 

Ethanol(30%)f 

None 

Ethanol (6o%) 
Chloroform 

1.92 

1.38 

CS-610. . . 
CS-610. . . 

Ethanol (30%) f 
None 

Ethanol (60%) 
Chloroform 

0.86 

0.86 


. ’ conrent or extract determined by antimony 

tel 

t Meal thoroughly moistened, then dried overnitrht in 
vacuum desiccator over anhydrous calcium sulfate. 

, aqueous ethanol (30% ethanol by 

aqueous ethanol added to yield final extract 

order to rupture the pigment glands, was 
found to reduce the amount of gossypol 
extractable with chloroform or diethyl 
ether (table 5), it was apparent that the 
resistance of the gland walls was not 
solely responsible for the difficulty en- 
countered in removing the residual pig- 
ments from defatted meals by extraction 


with these solvents. After preliminary 
rupture of the gland walls by the use of 
water or aqueous ethanol mi.xtures of 
high water content, the gossypol was 
completely and rapidly extractable with 
ethanol. The residual meals were almost 
completely colorless except those which 
had contained relatively large amounts 
of gossypurpurin. Treatment with meth- 
anol, isopropanol, acetone, or 1,4-dioxane 
was also found to remove all the gossypol 
from defatted meal. Only the two last- 
mentioned solvents were effective in re- 
moving all the residual gossypurpurin or 
Its yellow decomposition product from 
defatted cottonseed. 

Discussion 

Application of the recently developed 
flotation process (4, 23) for separation of 
intact pigment glands from other parts 
of the seed has provided material for the 
determination of the content of pigments 
of the glands separated from four sam- 
pks of different varieties of Gossypium 
hirsutmn. Gossypol was found to consti- 
tute from 39.0 to 49.2%, and goss3q)ur- 
purin from 0.612 to 1.73%, of the weight 
of the separated glands. The demonstra- 
tion that all the gossypol and gossypur- 
purin of the kernel is concentrated in the 
pigment glands has made possible accu- 
rate calculation of the average weight of 
glands in each sample of seed investi- 
gated. The average content of glands was 
found to vary from 2.37 to 2.92% of the 
weight of the seed containing smaller 
amounts of gossypol and was 4.81% of 
the weight of the seed containing the 
largest amount. Thus, a general correla- 
tion has been established between the 
content of gossypol and of glands in the 
seed. Since these seed lots were grown 
under different environmental conditions 
and were stored for different periods of 
time, it would appear that the amount of 
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gossypol in the glands is relatively con- 
stant; the gossypol content of the seed is, 
therefore, largely determined by the con- 
tent of glands. The variation in the 
gossypurpurin content of glands sepa- 
rated from, different samples of cotton- 
seed is consistent with Podol’skaya's 
(i6, 17) observation that this pigment 
can be detected only in maturing and 
stored seed and that it varies greatly 
during these periods. 

Smirnova (21) has reported that ge- 
netic factors are more important than 
environmental factors in determining 
l)()th the average number of glands and 
the content of gossypol in the cottonseed 
kernel. Seed from different varieties of 
G. herhaceum grown under different con- 
ditions contained only a small number of 
glands and very little gossypol. Seed of 
different varieties of G. hirsutum were 
intermediate in the average number of 
glands and in gossypol content, while 
seed from different varieties of G. bar- 
badense contained the largest number of 
glands and the largest amount of gossy- 
poL 

The seed, lots examined during the 
present investigation were all of the same 
species, and the selection of varieties was 
too limited to permit differentiating be- 
tween environmental and genetic fac- 
tors. However, because of the wide varia- 
tion in size of pigment glands in different 
parts of the kernel and in different sam- 
ples of seed, more accurate correlations 
can be expected between the relative 
weights of glands and gossypol than be- 
tween the number of glands and the 
weight of gossypol in the kernel, as pro- 
posed by Smirnova. 

Gossypol and gossypurpurin are the 
only pigments which could be detected 
in the extracts of the limited number of 
samples of pigment glands examined. 
The absence of these pigments in dry 
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petroleum naphtha extracts of dry cot- 
tonseed indicated that they are segre- 
gated in the glands. Incontrovertible evi- 
dence for the presence of other pigments 
in the glands can be obtained only by 
their actual detection. In the absence of 
this direct evidence, however, deductions 
concerning the localization of other pig- 
ments can be based on indirect evidence 
concerning the relative difficulty with 
which the pigment is extracted from cot- 
tonseed. Gossyfulvin (3, 7) was not de- 
tected in any of the extracts of pigment 
glands examined but it does not appear 
to be of very frequent occurrence in cot- 
tonseed. Since prolonged contact with 
chloroform or ether has been reported 
(2) to be necessary for extraction of 
gossyfulvin from seed in which it occurs, 
it can be inferred that this pigment oc- 
curs in the glands rather than in the sur- 
rounding tissue. The observation that 
aqueous alkali extracts all the color from 
chloroform extracts of separated glands, 
coupled with the observed stability of the 
antimony trichloride reaction product of 
such extracts, provides reliable evidence 
that none of the yellow, oil-soluble, non- 
acidic pigment detected in cottonseed 
extracts occurs in the glands. 

The absorption spectra of chloroform 
extracts, and of chloroform solutions of 
diethyl ether and aqueous ethanol ex- 
tracts, of several samples of pigment 
glands separated from different lots of 
cottonseed were found to be identical 
with the absorption spectra calculated 
for gossypol in the extracts (fig. i, curves 
A, B). Thus it would appear that the 
structure of goss3q)ol is not altered dur- 
ing its extraction from the glands and 
subsequent purification. It can further 
be deduced that gossypol is not chemi- 
cally combined with any of the other 
components of the glands but occurs as a 
colloidal, gelatinous suspension in the 
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glands. Because of the extreme instabil- 
ity of gossypurpurin in solvents other 
than chloroform, the absorption spec- 
trum of the isolated pigment could be 
compared only with that of chloroform 
extracts of pigment glands. 

The yellow extraglandular material is 
obtained free of intraglandular pigments 
by treating dry seed with dry petroleum 
naphtha; this procedure avoids rupture 
of the glands. Moreover, since the extra- 
glandular pigment is nonacidic, it is not 
extracted from its solutions in organic 
solvents by treatment with aqueous al- 
kali, whereas both gossypol and gossy- 
purpurin, and the yellow decomposition 
product of goss 5 p)urpurin, are quantita- 
tively extracted from such solutions. The 
absorption spectrum and chemical prop- 
erties of this newly detected pigment dif- 
ferentiate it from gossypol, gossypur- 
purin, the yellow decomposition product 
of gossypurpurin, gossyfulvin, and the 
oil-soluble carotenoid pigment reported 
by PopoL’sKAYA (15, 18). Since this pig- 
ment is apparently stable in solution in 
the oil in contact with the reactive con- 
stituents of the seed tissue, it can be in- 
ferred that it is a relatively inert, non- 
polar compound. Investigations (8) of its 
behavior in cottonseed oil extracted with 
petroleum naphtha indicate that it is es- 
sentially unaffected during alkali refining 
and subsequent bleaching of the oil. The 
carotenoid pigment reported by Po- 
dol’skaya could not be detected in any 
cottonseed extract examined. However, 
since this pigment is readily extracted 
from cottonseed by petroleum naphtha, 
it can be inferred that in the seed in 
which it occurs it is found in solution in 
the oil surrounding the pigment glands. 

Solvent-extracted cottonseed meals 
have been shown to fall into several cate- 
gories with respect to the distribution 
and total content of pigments. Treat- 
ment of flaked seed with water-miscible 


alcohols, ketones, and ethers of low 
molecular weight, or with aqueous mix- 
tures of any one of these solvents, rup- 
tures the pigment glands. The pigment 
content of the residual meal is therefore 
determined entirely by the solubility of 
the pigments in the solvents or solvent 
niixtures. Acetone and dioxane extract 
all the pigments and yield almost color- 
less meals. Because of the very slight 
solubility of gossypurpurin and its yellow 
decomposition product in the alcohols, 
these solvents remove all the pigments 
with the oil only when the original seed 
contains relatively small amounts of 
gossypurpurin. 

If moisture is rigorously excluded, the 
meals remaining after extraction of the 
oil with organic solvents, other than 
water-miscible alcohols, ketones, and 
ethers of low molecular weight, contain 
none of the oil-soluble extraglandular 
pigments, but most of the intraglandular 
pigments remain in intact pigment 
glands with the meal. With the use of 
moist solvents in which the pigments are 
soluble, such as commercial-grade chloro- 
form and diethyl ether, the pigment 
glands are slowly ruptured and most of 
the pigments are removed from the meal 
during prolonged extraction. Preliminary 
wetting of the seed in order to rupture 
the pigment glands renders the pigments 
immediately extractable with the afore- 
mentioned solvents. 

The extent to which the pigments are 
extracted from the seed by solvents in 
which they are not very soluble, such as 
the petroleum naphthas, will depend 
upon the conditions of extraction. When 
the pigment glands are ruptured by mois- 
ture in the seed before extraction of the 
oil, a relatively large proportion of the 
pigments will be dissolved in the oil and 
solvent mixture to which they are ex- 
posed during the initial stages of the ex- 
traction. Most of the pigments which are 
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discharged from pigment glands (rup- 
tured during prolonged extraction and 
removal of most of the oil) are not re- 
moved by the extracting solvent but re- 
main adsorbed on the meal. Consequent- 
ly, meals obtained by extracting the oil 
with petroleum naphtha in the presence 
of moderate amounts of moisture will 
contain part of the pigments in the intact 
pigment glands and part will be adsorbed 
on the extraglandular tissue. 

The adsorbed pigments can be re- 
moved from defatted cottonseed meal 
only by treatment with polar organic sol- 
vents. Treatment of such meals with al- 
cohols or aqueous mixtures thereof re- 
moves all the adsorbed gossypol as well 
as that contained in the intact glands, 
but these solvents remove only small 
amounts of the yellow decomposition 
product of gossypurpurin. Meals which 
are essentially free of color were obtained 
by supplementary extraction of defatted 
meals with acetone or 1,4-dioxane, even 
when the original seed contained rela- 
tively large amounts of gossypurpurin. 

Summary 

I. All the gossypol and gossypurpurin 
of the cottonseed kernel are segregated 
in the pigment glands, and they consti- 
tute the only detectable pigments in the 
glands of four varieties of seed of Gossyp- 
ium hirsutum which were examined. 

"2. The gossypol content of the glands 
is relatively constant, this pigment con- 
stituting up to approximately 50% of the 


weight of the glands, whereas the gossy- 
purpurin content is relatively low and 
variable. 

3. On the basis of the direct correlation 
observed between the amounts of glands 
and of gossypol in the kernels, it is sug- 
gested that the gland content is the prin- 
cipal factor which determines the gossy- 
pol content of the cottonseed kernel. 

4. A yellow pigment has been detected 
in solution in the oil of the extraglandular 
tissue of the kernel. This pigment has 
been obtained free of gossypol, gossy- 
purpurin, and the yellow decomposition 
product of gossypurpurin. Partial char- 
acterization of the extraglandular pig- 
ment has shown it to be relatively stable 
and to differ from every pigment pre- 
viously detected in cottonseed. 

5. On the basis of the distribution and 
properties of the pigments of cottonseed, 
methods for their extraction and estima- 
tion have been developed. 
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INFLUENCE OF PHOTOPERIOD ON MICROSPOROGENESIS IN 
COSMOS SULPHUREUS CAV. VAR. KLONDIKE' 

CONTRIBUriONS FROM THE HULL BOTANICAL LABORATORY 690 
GRACE C. MADSEN 



Introduction 

^^enerative cytologicaJ changes in- 
by environmental effects on micro- 
and upon the development 
- „-Jns have been reported by a 
of investigators (7, 8, 10, 12, 13, 
i 4 > 15, 16). 

'This work was supported in part bv a grant 
from the Dr. Wallace C. and Clara A. Abbott 
Memorial Fund of the University of Chicago. 


Photoperiodic effects on microsporo- 
genesis in Biloxi soybean were investi- 
gated by Nielsen (ii). Plants given i6- 
or 21-hour postinductive photoperiods 
following fewer than six photoinductive 
cycles failed to show development be- 
yond the early prophase stages of meiosis. 
Those receiving six to ten photoinductive 
cycles showed degenerative changes, 
such as enlarged sporocytes with highly 
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vacuolate cytoplasm, heavily staining 
sporogenous tissue, failure of telophasic 
reconstruction, degenerate microspores, 
and abnormal pollen. 

In the classical investigations on 
pliotoperiod by Garner and Allard, 
Cosmos was classed as a short-day plant 
(4). When sufficiently photoinduced, 
flowering begins at the apex and extends 
progressively downward along the stem 
(6). However, inhibition in the develop- 
ment of flower buds of C, hipinnatus was 
obtained by the use of long photoperiods 
after sufficient induction by short-day 
cycles (5). This retarding effect of subse- 
quent treatment with long photoperiods 
was established later for C. sulphurous 
(2). Photoperiodic response is of a strict- 
ly localized nature in this species, since 
buds develop and flower only on the 
photoinduced portion or one node be- 
yond (6). 

The quantitative effect of the length 
of photoperiod manifested itself in data 
collected by Austin (i). In plants 
treated with 8-hour light periods, buds 
appeared ii days earlier than in plants 
on 12-hour photoperiod; after flower bud 
initiation there was no differential effect 
on floral development. Ten 7|-hour 
photoperiods are sufficient to bring about 
the production of flowers and seeds in 
Cosmos (2). This reproductive phase is 
accompanied by a reduction in catalase 
activity (9) and by a marked accumula- 
tion of carbohydrate and protein in the 
stem tip (2). When fewer inductive 
photoperiods are followed by long-day 
cycles, the floral primordia tend to de- 
velop into '^ vegetative flowers” or inter- 
phases between normal flowers and vege- 
tative shoots. If the induction is suffi- 
ciently limited, reversion to vegetative 
growth may occur. These anatomical 
changes toward foJiaceous floral struc- 
tures have been described by Bid- 
DULRH (2). 


Although- flower buds appear on Cos- 
mos exposed to twelve short light periods, 
Struckmeyer’s work (17) indicated that 
eighteen short photoperiods are required 
to prevent the development of inter- 
phases or "vegetative flowers.” Ana- 
tomical analysis of the stem showed that 
under photoinductive treatment cambial 
activity was decreased; when the plant 
was returned to an environment con- 
ducive to vegetative growth, meriste- 
matic activity was again resumed and 
was sometimes accompanied by the 
aborting of floral primordia. 

Recent investigations (3) on Cosmos 
indicate that the "stimulus to flowering” 
produced during photoperiodic induc- 
tion continues to pass from the leaves 
after they are returned to long photo- 
periods. 

These anatomical and morphological 
changes in Cosmos, as responses to photo- 
periodic induction and postinduction 
treatment, suggest an attendant cyto- 
logical upset with which this present 
study deals. 

Material and methods 

Seeds of Cosmos sulphurous Cav. var. 
Klondike (a short-day strain) were 
planted in flats on greenhouse benches on 
July 31, 1946. Immediately after germi- 
nation the seedlings were placed on long 
photoperiods (8:00 a.m.-3:oo a.m.) ob- 
tained by supplementing the natural 
daylength with "Daylight” fluorescent 
lamps automatically controlled by 
clocks. When 2 weeks old, the seedlings 
were planted singly in 2-inch pots. On 
August 24 they were selected for uni- 
formity of size and vigor and were trans- 
planted in pairs into 4-inch pots. 

On September 21, when all plants had 
at least five pairs of true leaves, twenty- 
three lots of nine pots each (eighteen 
plants) were subjected to differential 
light treatments (table i). Six groups of 
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three lots each were placed on 8-hour 
photoperiods for 6, 7, 8, lo, 12, or 14 
days, respectively. The three lots in each 
group received subsequent photoperiods 
of 14, 19, or 24 hours. Five lots of con- 
trols were employed. One lot was placed 
on natural daylength, another on 8 hours 
of light and 16 hours of darkness; both of 
these flowered profusely. The other con- 
trols on 1 4-, 1 9-, and 24-hour photo- 
periods did not flower. The photoinduc- 
tive cycles of 8 hours of light and 16 
hours of darkness were obtained by 


covering bench frames, built over the 
plants, with heavy black cloth at 4:00 
p.M. and removing the cover at 8:00 
A.M. the next morning. All plants were 
kept in two rooms of the same wing of 
the greenhouse in order to obtain en- 
vironmental conditions that were as 
nearly identical as possible until the 
variable of light was introduced. 

Floral buds were fixed in Sax’s modi- 
fication of Navashin’s solution, washed 
in tap water, and run up in an ethyl- 
tertiary butyl alcohol dehydrating series 


TABLE 1 


Summary of treatment and harvest 


Group 

no. 

Placed on 
short photo- 
period 

Placed on 
long photo- 
period 

Total no. 
of photo- 
inductive 
cycles 

Postinduction 

treatment 

Total no. 
of buds 
devel- 
oped 

First 

harvest 

Last 

harvest 





fA. 14 hr. 

2 

Ix/18/46 


I 

9/21/46 

9/27/46 

. 

6 

sC. 19 hr. 

r 

12/ ia/a6 




IB. 24 hr. 

I 

1/14/47 






[A. 14 hr. 

14 

11/ 8/46 

1/22/47 

II 

9/21/46 

9/28/46 

7 

■jC. 19 hr. 

8 

ii/ 7/46 

1/ 2/47 





[D. 24 hr. 

8 

II / 5/46 

1/ 2/47 





fA. 14 hr. 

22 

11/ s/46 

1/12/47 

Ill 

9/21/46 

9/29/46 

8 

\C. 19 hr. 

19 

11/ 7/46 

1/12/47 





[D, 24 hr. 

IS . 

10/30/46 

I 

1/ 2/47 





fA. 14 hr. 

25 

11/ 4/46 

1/ 2/47 

IV * 

9/21/46 

10/ 1/46 

10 

|C. 19 hr. 

28 

10/31/46 

I /l 2/47 



' 

! 

[D. 24 hr. 

17 

11/ 4/46 

1/12/47 



1 


fxA. 14 hr. 

$1 

10/26/46 

1/12/47 

V. 

9/21/46 

10/ 3/46 

12 

IC. 19 hr. 

49 

10/26/46 

1/12/47 



, 1 


[D. 24 hr. 

39 

10/22/46 

1/12/47 





fA. 14 hr. 

8s 

10/15/46 

1/12/47 

VI.... V 

9/21/46 

10/ 5/46 

14 

\C, 19 hr. 

88 

10/26/46 

1/12/47 





[D. 24 hr. 

83 

10/16/46 

1/12/47 


CONTROLS 


Group no. 

Placed on short 
photoperiod 

Placed on long 
photoperiod 

Photoperiod 

F'irst harvest 

Last harvest 

VII.. ..1 

9 / 21/46 

9/21/46 


Natural 

8 hr. 

14 hr, 

24 hr. 

19 hr. 

10/14/46 

10/10/46 

11/22/46 

11/11/46 

VIII 


IX 

9/21/46 

9/21/46 

9/21/46 

XI. 




XII 
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into paraffin. Sections cut ' at lOfjL were 
stained with Heidenhain's iron-alum 
haemotoxylin. 

Observations 

The normal flower head of Cosmos de- 
velops two rows of involucral bracts, 
consisting usually of eight in each row. 
The inner membranous bracts, sur- 
rounded by other foliaceous ones, bear 
the usual eight-ray flowers in their axils. 
The disk flowers are produced in the axils 
of bractlets on the determinate head. The 
young floral heads are completely in- 
closed by the inner membranous set of 
involucral bracts, while the outer bracts 
are spreading ones (fig. 31). In the de- 
velopment of the flower bud, the floral 
tube is usually differentiated first but is 
closely followed by the stamen primordia 
in which the microsporocytes soon dif- 
ferentiate. The sporocyte cells are larger 
and have slightly denser cytoplasm and 
more prominent nuclei than the sur- 
rounding somatic cells. Continued divi- 
sion of the sporogenous cells, which soon 
become angular in contour, is accom- 
panied by the differentiation of the 
sporangial wall and tapetum (fig. i). 

As growth proceeds, the reticulum of 
the metabolic nucleus gives way to the 
attenuated chromonemata of the lepto- 
teiie, scattered throughout the nucleus. 
The pairing of the slightly contracted 
threads and an increased volume of the 
nucleus characterize the xygotene stage. 
Continued contraction of the paired 
chromosomes (pachytene) and further 
enlargement of the nucleus proceed as 
the cytoplasm of the microsporocytes 
rounds up. The rounding-up is completed 
in the diplotene when the chromosomes 
have contracted still further and are 
evenly distributed near the nuclear mem- 
brane (fig. 2). Marked shortening of the 
chromosomes (diakinesis) is immediate- 


ly followed by the alignment of them at 
the equatorial plate (metaphase I, fig. 3). 
The disjoining of the chromosomes (ana- 
phase I) results in the formation of dyad 
nuclei. Concurrent with the developing 
prophase stages are the division and the 
enlargement of tapetal cells. 

The second meiotic division follows 
immediately, giving rise to the four- 
nucleate stage (fig. 4). Cytokinesis pro- 
duces a quartet of spores (fig. 5), and, as 
these round out, the walls of the micro- 
sporocytes disintegrate. The tapetal cells 
disintegrate and the residue from them 
diffuses into the locular cavity, produc- 
ing a translucent, granular matrix in 
which occurs the transition from thin, 
smooth-walled microspore to thick, spiny- 
walled pollen grain (figs. 6, 7). 

The individuals most responsive to 
the photoinductive cycles in groups IV, 
V, and VI produced morphologically 
normal terminal flowers. The less re- 
sponsive in these groups, as well as the 
most sensitive in groups II and III, 
yielded floral heads of smaller propor- 
tions with longer than normal foliaceous 
bracts (figs. 32, 33, 34). The floral buds 
which were initiated later developed at 
varying rates in each group. Some of the 
primordia remained in an undifferenti- 
ated condition, while others early differ- 
entiated the floral tube and stamens con- 
taining sporogenous cells and tapetum. 
In groups II-VI the first apparent degen- 
erative changes seemed to occur in the 
tapetum. These changes began as early 
as the metabolic nuclear stage of the 
microsporocytes and were evident as 
abnormally narrow cells (figs. 8, 9). As 
degeneration of the tapetal cells pro- 
ceeded, their cytoplasm stained black, 
and the cells sometimes became oval in 
shape (fig. 12). More frequently, how- 
ever, they remained narrow (figs. 8, 22, 
23) or became angular (figs. 13, 14) in 



Fxgs. I*"/. — From control plants of group VIII. Fig. 
sporangial wall. Fig. 2, diplotene. Fig. 3, metaphase. Fij 
spores. Fig. 6, microspores. Fig. 7, pollen grains. 


young microsporocytes, normal tapetum, and 
4, four-nucleate stage. Fig. 5, quartet of micro- 
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Figs. 8 -iq.— iMg. 8, microsporocytes surrounded by degenerating tapetal cells, lot IV-D. Fig o micro- 
sporocytes with little or no cytoplasm, surrounded by darkening tapetum, lot IV-A. Fig. lo, sporogenous 
tissue darkening, tapetum narrow and degenerating, lot II-D. Fig. ii, one locule with degenerating micro- 
sporocytes and outer sporangial wall containing heavily staining globular bodies, lot III-D Fig la locule 
oi anther with globular tapetal cells and disintegrating sporocytes, lot IV-C. Fig. 13, locule containing 
narrow and angular tapetal cells inclosing normal microsporocyte and large denucleated plasmodial mass, 
lot ly-A hig. 14, lociJe containing angular degenerating tapetal cells with heavy black granules floating 
m cytoplasm, lot IV-D. Fig. 15, degenerating tapetum and lagging chromosomes in meiosis I, lot II-A. 
Ing. 16, degenerating tapetum and disintegrating dyads with extra-nuclear chromosomes, lot II-A. Fig. 17 
degenerating tapetum and tetrads with extra-nuclear chromosomes, lot IV-D. Fig. 18, rounded disintegrat- 
ing tapetal cells and tetrads with extra-nuclear chromosomes, lot IV-A. Fig. 19, incipient stages of tapetal 
degeneration and advanced degeneration of dyads and tetrads, lot .II-C. 
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outline. Less often observed were the 
darkly stained microsporocytes and 
vacuolated cells of the tapetum as shown 
in figure lo. 

Degenerating cytoplasm in micro- 
sporocytes was of common occurrence. 
In a few cases heavily staining globular 
bodies in the outer sporangial wall ac- 
companied these deteriorating micro- 
sporocytes (fig. ii). Coincident with 
these responses of the tapetum were two 
degenerative reactions of the sporoge- 
nous cells. In the extremely suppressed 
floral buds of groups I-VI the prophases 
seemed not to be initiated; the cytoplasm 
of these microsporocytes became highly 
vacuolate with the nucleus markedly 
contracted. Such cells appeared to de- 
velop no further (figs. 9, 29). On the 
other hand, in less suppressed buds of 
groups II-VI the cytoplasm of the 
sporogenous cells sometimes appeared 
normal and prophases might continue 
regularly; frequently some of the sister 
sporocytes developed into large plasmo- 
dial masses which were two to four times 
the average size of normal micro- 
sporocytes (fig. 13). 

At the time of late diakinesis and 
metaphase I, a condition frequently ob- 
served in the microsporocytes in groups 
II-VI was the occurrence of darkly 
staining cytoplasm with scattered, heavi- 
ly stained, black granules (fig. 14). A less 
frequent abnormality was the lagging of 
chromosomes in anaphase I (fig. 15). 
These chromosomes could still be seen 
after the second meiotic division was 
completed (fig. 17). This occurrence was 
also noted in association with rounded 
tapetal cells (fig. 18). Where flower sup- 
pression was greater, degeneration often 
took place at the two-nucleate stages 
and chromosomes could be seen floating 
in the dark-stained cytoplasm near the 
partially reconstituted nuclei. Shapeless 


masses of both heavily stained and 
highly vacuolate protoplasm also oc- 
curred (fig. 16). 

^ Although degeneration of sporogenous 
tissue at any stage of development was 
usually preceded or accompanied by 
marked deterioration of tapetal cells, 
occasionally a severe upset in meiosis 
occurred, although tapetal cells showed 
only the incipient stages of cytoplasmic 
degeneration (fig. 19). 

In the plants in groups II-VI in which 
buds developed to a fuller extent than 
did those just mentioned, and lagging of 
chromosomes was not apparent, cyto- 
plasmic changes first appeared immedi- 
ately exterior to the intensely stained 
nucleus (fig. 20). Position and procedure 
of degeneration were similar in both 
tetrads and microspores (fig. 22). Of less 
frequent incidence, apparently normal 
microspores occurred in conjunction with 
irregular masses of granular cytoplasm 
that showed evidence of almost complete 
nuclear impairment (fig. 21). When de- 
generation of tapetal cells was as marked 
as is shown in figures 21, 22, and 23, 
many microspores did not develop fur- 
ther. With less deterioration in the tape- 
tum, the microspore wall began to 
thicken and the spores became angular in 
appearance (fig. 24). 

Groups II-VI produced a few flowers 
which yielded some morphologically nor- 
mal pollen. However, in the locules con- 
taining an abnormally dark-staining 
matrix small, shrunken, black-stained 
bodies (deteriorated microspores) ap- 
peared along with apparently normal 
pollen grains (fig. 25). 

Groups I-VI also showed more pro- 
nounced degeneration than just de- 
scribed, in which the locules were filled 
with an indistinguishable, deteriorated 
mass of sporogenous tissue. The terminal 
flower bud from lot II-C, having seven 



deteriorating tapetum surrounding quartets of spores which show 
^ ?f depneiation immediately exterior to nuclear membrane, lot V-D. Fig. 21 locule with narrow 

nnHl f locule of anther with narrow, degenerating tanetal cells 

flit®' f."! n-C- Fig. 23, locule containing darkening sporafgial wdl dSraS 

pIaBn.SeTwithSgp:Lfe^^^^ 

heavily staining tapatal matrix. 
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photoin ductive cycles followed by a 19- 
hour photoperiod, illustrates this condi- 
tion. This head with longer than normal 
foliaceous bracts and inhibited mem- 
branous ones (fig. 33) produced disk 
flowers of the type pictured in figure 27. 
Notable is the fact that the locules shown 
are in different stages of development 
and deterioration. The most advanced 
type of deterioration shows mere rudi- 
ments of shriveled anther walls, fila- 
ments, and floral tubes (fig. 26). Not un- 
common were the abnormal numbers of 
three and four stamens instead of five 
per flower. A terminal bud (fig. 34) in lot 
III-D, having eight photoinductive 
cycles followed by continuous light, pro- 
duced a number of three-stamen flowers 
(fig. 28). For the most part in these en- 
tirely suppressed heads all the flowers 
were in the same stages of degeneration. 
However, in instances of less retardation, 
differences in stage of development of 
flowers within one head led to a range 
from abnormalities in early microsporog- 
enous tissue to small, collapsed pollen 
grains. 

The gross floral response of a first-node 
(below the terminal) flower to twelve 
photoinductive treatments, followed by 
continuous light, is shown in figure 32. 
The foliaceous bracts were 10-15 mm: 
in length; the membranous ones were 
completely inhibited, resulting in a head 
of unprotected, widely separated flowers. 
Cytological examination revealed that 
this bud, the larger of two first-node 
buds, had produced abnormal pollen 
(fig. 30), while the smaller one had been 
inhibited in its development before the 
initiation of the prophases (fig. 29). 
These early sporogenous stages showed 
cells from which the cytoplasm had 
completely disappeared. 

In these experiments a few buds were 


trast to the results obtained by other 
workers (2, 3). Two of these buds showed 
collapsed sporangial 'walls containing 
degenerate pollen, and the others were 
not developed beyond the early differ- 
entiation of the floral tube. 

Discussion 

The effects of an insufficient number 
of short-photoperiod cycles in C. sul- 
phureus Cav. var. Klondike are similar 


Figs. 31-34. — Fig. 31, terminal bud from control 
group VIII. Fig. 32, first-node bud from lot V-D. 
Eig. 33, terminal bud with long foliaceous outer 
involucral bracts and inhibited inner one from lot 
II-C. Fig. 34, terminal bud with abnormally long 
foliaceous outer bracts and partially inhibited inner 
ones from lot III-D. 

in many respects to those described by 
Nielsen (ii) in Biloxi soybeans having 
five to ten photoinductive cycles followed 
by a long photoperiod. His results 
showed that sporogenous tissue failed to 
develop further than the early prophases 
of meiosis in plants given five or fewer 
short photoperiods. Under this condi- 
tion the sporocytes enlarged, became 
vacuolated, eventually lost their nuclei, 
and disintegrated. Corresponding conse- 
quences were found in carbohydrate- 
deficient tomatoes, as reported by How- 
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produced a retarding effect on the de- 
velopment of the flower with resultant 
collapse of cell walls and the degenera- 
tion of sporogenous cells before initiation 
of the prophases. The degree of degen- 
eration was correlated with the severity 
of the deficiency. 

Soybean plants given six to ten short 
photoperiods frequently showed degen- 
eration at later stages in meiosis than, 
did the five-cycle groups. Buds from 
these plants showed deterioration after 
the first division, such as failure of re- 
constitution of the four chromosome 
groups following meiosis II, or frequent 
degeneration of microspores after forma- 
tion in the tetrad. Some plants receiving 
eight or more inductive cycles produced 
a small percentage of morphologically 
normal microspores. It was concluded 
that in soybean the number of short 
photoperiods .influences the degree of 
degeneration and the stage of develop- 
ment to which microsporocytes may 
progress. The long postinductive photo- 
period appeared to effect further the 
suppression of flowers and the degenera- 
tive changes observed (i i) . 

^ In the markedly suppressed buds of 
Cosmos^ no differentiation of flower parts 
and sporogenous tissue occurs, although 
grossly a rounded protuberance can be 
recognized. A somewhat less retarded 
floral structure shows differentiation of 
the floral tube, anthers with well-de- 
veloped sporangial wall, threadlike black 
tapetum, and sporogenous cells with 
little or no cytoplasm (fig. 29). This con- 
dition in sporogenous tissue concurs with 
data on tomato (8) and soybean (ii) in 
which development of the sporogenous 
cells fails to reach the prophase stages 
of meiosis. 

In cases in which the prophases were 
initiated in the sporogenous tissue in 
tomato, lagging chromosomes in meiosis 


II were reported. Likewise in Cosmos^ 
similar lagging was noted in both meiotic 
divisions in groups II, IV, and V and 
was always accompanied by a heavily 
stained tapetum. Failure to proceed be- 
yond meiosis I was observed in many 
cases (fig. 16). On the other hand, if re- 
construction of tetrad nuclei did occur, 
chromosomes were often found in the 
cytoplasm outside of the nuclear mem- 
brane (figs. 17, 18). 

Cells with fully reconstituted nuclei 
may develop further, but degeneration 
of microspores often occurred directly 
following cytokinesis, as in soybean, or 
later before the microspore wall thick- 
ened. Growth of the microspore wall 
and production of spiny protuberances of 
the pollen-grain wall are apparently sub- 
ordinate to the presence of at least some 
matrix formed from the contents of the 
tapetal cells. Unless floral development 
is^ suppressed sufficiently to prevent 
initiation of the prophases in all flowers, 
morphologically normal pollen may be 
produced in a large percentage of 
flowers along with numerous degenera- 
tive developmental stages. 

Since the flowers of Cosmos are pro- 
duced in a progressive fashion from apex 
downward along the stem (6), compari- 
sons of all terminals, or all first-node 
flowers, or all second- node flowers below 
the terminal, were made of the experi- 
mental material. However, in so far as 
aU the plants are not equally sensitive (2) 
and the stimulus to flowering is inacti- 
vated by young expanding leaves present 
during the induction period (3), a wide 
range of variation was encountered 
microscopically. This was true, not only 
within an experimental lot, but within 
buds of the same node on one plant 
(figs. 29, 30) as well as within the same 
flower (fig. 27). This considerable over- 
lapping makes it impossible to draw lines 
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of demarcation cytologically, between 
the differentially treated lots, even 
though a quantitative record of buds of 
the experimental lots expresses a re- 
tardation in total reproductive activity 
in correspondence with reduced photo- 
induction. An inhibitory effect of the 
long postinductive cycles on total flower 
bud production is suggested in the 
column of bud numbers in table i. These 
results are in accord with those obtained 
in Cosmos by Biddulph (2) and in soy- 
bean by Nielsen (i i) . 

When C. sulphurous plants are treated 
with a sufficient number of short-photo- 
period cycles, a series of chemical reac- 
tions appears to be initiated. If these 
plants are subsequently placed under 
favorable light and other environmental 
conditions, they proceed to flower nor- 
mally. The chain of chemical reactions 
may be upset at various points if the 
plants are given an insufficient number 
of short photoinductive periods or subse- 
quent long photoinductive treatments of 
19 or 24 hours of light. This indicates 
that a complex interacting system, per- 
haps hormonal in nature, is operative. 
Disruption at any place in such a chain 
of reactions as a consequence of the in- 
fluence of an unfavorable photoperiod 
causes a variety of morphological and 
cytological abnormalities. 

Summary 

1. Experimental groups ol Cosmos 
sulphurous Cav. var. Klondike were 
given photoinductive cycles of 8 hours of 
light and 16 hours of darkness for 6, 7, 8, 
10, 12, and 14 days. The groups were 
then divided into three lots each, which 
were given differential postinductive 
photoperiods of 14, 19, or 24 hours. 

2. Controls were run on natural and 
8-hour photoperiods; both of these lots 
flowered profusely. Three other controls 
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run continuously on 14-, 19-, and 24-hour 
photoperiods did not flower. 

3. Flower buds were collected and 
fixed successively from all groups. These 
provided a normal series for floral and 
meiotic development through pollen 
formation and material for the study of 
abnormalities induced by the experimen- 
tal photoperiods. 

4. The markedly suppressed buds of 
Cosmos^ usually surrounded by long 
foliaceous outer bracts and inner in- 
hibited ones, showed no differentiation 
of floral parts or sporogenous tissue. Less 
retarded reproductive structures pro- 
duced floral tube, sporangial wall, a 
black-line tapetum, and sporogenous 
cells with little or no cytoplasm. These 
sporocytes did not initiate the prophases. 

5. In plants in which retardation was 
less marked, various abnormalities oc- 
curred, such as degeneration of tapetum, 
plasmodial masses derived from sporog- 
enous tissues accompanying the normal 
stages, lagging of chromosomes and the 
failure of some of them to be included in 
the microspores, and degenerating cyto- 
plasm in the microspores. 

6. No pollen which appeared to be 
morphologically normal occurred in the 
anthers of flowers in which tapetal cells 
did not form a locular matrix. 

7. Although a quantitative record of 
buds of the experimental lots clearly 
shows a reduction in total reproductive 
activity in relation to reduced photoin- 
duction and to increased length of the 
postinductive photoperiod, it is cyto- 
logically impossible to draw lines of 
demarcation between the lots. 

The writer wishes to express apprecia- 
tion to Dr. J. M. Beal for guidance and 
suggestions throughout the course of this 
investigation. 

Florida State University 
Tallahassee, Florida 
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PHOTOPERIODIC RESPONSES OF GEOGRAPHICAL STRAINS 
OF ANDROPOGON SCOPARIUS' 

CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 591 
EUGENE C. LARSEN 

Introduction nized diversity (6, 7, 10, 12, 16, 22) and 

Atidropogon scoparius Michx. was because of its importance as a forage 
chosen for investigation because of its S^^^s in many parts of the United States, 
extremely wide distribution and recog- R bas recently been used in the reseeding 

■ A report of an investigation carried on at the abandoned, cultivated land, especially 

University of Chicago at the suggestion and under “6 central prairie region (8, 9, II, 15, 

the supervision of Dr. Charles E. Olmsted as 2i). It is also quite well adjusted to 

one in the series Growth and development in o'rmxrfK tr» a • A-l i A. 

range grasses.” This work was aided in part by a ^ ^ greenhouses during the hot 

grant from the Dr. Wallace C. and Clara A. Abbott Summer months in Chicago. 

Memorial Fund of the University of Chicago. Information on the photoperiodic re- 
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sponses of A. scoparius should be of 
value in analyzing the noticeable varia- 
tions among the ecotypes when they are 
grown together under greenhouse or 
nursery conditions (10) and in under- 
standing and explaining the reproductive 
and vegetative habits of the species. 
Such information may be of use in vari- 
etal selection and in the interpretation of 
growth and flowering habits of strains 
grown outside their native habitats. It 
should also be of interest to those study- 
ing the evolution and natural selection 
of adaptive physiological responses and 
their relation to plant migration. 

There has been relatively little work 
on photoperiodic responses of various 
strains of native forage and range plants, 
although the literature in the general 
field of photoperiodism is extensive. The 
latter has recently been summarized by 
Hamner (13), Whyte (23), and Borth- 
wiCK (5). Olmsted (19) has referred to 
general literature related to photoperi- 
odic work on grasses. 

A. scoparius is surpassed by few 
species of native American plants in its 
wide range of habitat and distribution. 
It has, according to Hitchcock (14), 
been collected in all the states except 
Washington, Oregon, Nevada, and Cali- 
fornia. From the standpoint of abun- 
dance, its center of distribution is in the 
tail-grass prairie region between Texas 
and the Canadian line. Here it was one 
of the species which made up the major 
part of the native vegetation of the orig- 
inal.prairie. . V: 

Its value as a forage plant varies con- 
siderably, both with season and with lo- 
cality. It is generally palatable from the 
time it starts to grow in the spring until 
it begins to mature. Rogler (20) listed 
A . furcalus as the most palatable of all 
the important warm-season grasses of the 
prairie states and stated that A. scopari- 


us was its equal until around August 10, 
when the culms began to mature. . 4 . 
scoparius was found to be as palatable as 
any grass on the range in North Dakota 
during the period from July 12 to 18. It 
does not withstand heavy spring grazing. 

The range of morphological variation 
in this species complex has led to the 
recognition of several intergrading forms 
and varieties (12, 14, 16). Hubbard (16) 
stated that the variations may be in 
color of the plant, length of the sessile 
spikelet, villousness of the sheath and 
leaves, compression of the sheath, or 
length of the hairs at the internodes of 
the rachis. Some of the described vari- 
eties and specific segregates have fairly 
well-marked geographical ranges. 

Specimens of the twelve collections 
used in this study were sent to the Na- 
tional Herbarium in Washington, D.C., 
for identification. Dr. J. R. Swallen, as- 
sociate curator, pointed out that strain 
2 differs slightly from the others in that it 
has a broad, more sharply keeled lower 
sheath which is villous and that the 
staminate or pedicellate spikelets are 
about as large as the sessile, fertile ones. 
He thought that this strain is probably 
A. diver gens, a species closely allied to 2I. 
scoparius and sometimes listed as a vari- 
ety of it. He considered the eleven other 
collections to be A. scoparius and, al- 
though recognizing variation among 
them, did not assign varietal rank. 

No cytological observations have been 
made upon the plants used in the present 
experiment. Cytotaxonomic studies (6, 7, 
17) of the species and some of its named 
varieties have shown most of the investi- 
gated individuals to be tetraploid plants 
{2n == 40), although differences in struc- 
tural details of the chromosome comple- 
ments are correlated with some of the ob- 
served morphological variations. 

Several workers have contributed to 
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our recent knowledge of physiological 
variation exhibited by various ecotypes 
in grasses. Nielsen (i8), for Panicum 
virgatuMj has shown what a complex of 
diversity one is likely to find when deal- 
ing with a large number of ecotypes from 
widely separated areas. Olmsted (19), 
for side-oats grama, found that practi- 
cally the entire range of reported photo- 
periodic responses was exhibited by the 
different ecotypes. He stated that this 
species cannot be classified photoperi- 
odically except with reference to strains. 



Fig. I. — Geographical sources of strains num- 
bered as shown. 


Cornelius (10) has recently described 
the effects of source of seed of A . scopari- 
us on growth, adaptation, and its use in 
revegetation. In his work at Manhattan, 
Kansas, with sixteen strains of A, 
scoparius collected from widely separat- 
ed geographical areas, he reported a dif- 
ference of 126 days between the first 
flowering dates of the northern and 
southern ecotypes. His northern types 
were earlier in maturity and lower in 
forage production than the southern 
ones. The plants originating in central 
latitudes were intermediate. He obtained 
a high seed set in the latter plants. The 
northern ones suffered from hot winds, 
and the southern ones from frost injury. 


He found a highly significant correlation 
between the flowering date and the dry 
weight of a plant at the close of the sea- 
son — early flowering led to low total 
yield. Winter injury was observed among 
his southern ecotypes. 

The present experiment on photo- 
periodic responses of geographical strains 
of A. scoparius was initiated in the 
spring of 1946 and continued through the 
spring of 1947 in the greenhouses and ex- 
perimental garden at the University of 
Chicago. 

Material and methods 

Forty plants, representing twelve 
points of origin (fig. i) were assembled at 
the University of Chicago in March and 
April, 1946, through the courtesy of the 
collectors listed in table i, and were as- 
signed the indicated designations. Each 
plant was assumed to be, and apparently 
was, an individual clone. 

On May i each of the forty clones was 
divided, and the divisions, after being 
trimmed to approximately equal size, 
were planted in 8-inch, unglazed clay 
pots. Three segments of a clone were 
planted in each of five pots to make five 
identical series of forty pots each. 

The pots were filled with soil consist- 
ing of a mixture of six parts of coarse 
sand with five parts of black loam garden 
soil. No fertilizer was added. This light, 
sandy-textured soil was used to emulate 
as nearly as possible the soils found in the 
native habitats of many of the plants. 

One series {N) was placed on a green- 
house bench, and another (G), after be- 
ing potted for a lo-day period, was trans- 
planted to an experimental garden. Se- 
ries N and G received Chicago natural 
daylength (interval between sunrise and 
sunset on June 21 is 15 hours and 14 
minutes). The other three series were 
placed on movable trucks which were 
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wheeled into separate lightproof, venti- 
lated sheds at 5’ 00 p.m. and out again at 
8:00 A.M. They thus received 9 hours of 
natural light per day. Supplementary il- 
lumination to extend their light periods 
was supplied by means of three 200-watt 
incandescent-filament lamps mounted in 
individual reflectors over each of the 
trucks. These lights, controlled auto- 
matically, were turned on at 5:00 p.m. 
and were shut off at the hour necessary 
to provide total consecutive photoperi- 
ods of 13, 14, and 15 hours for the three 
series. Intensity of supplementary il- 
lumination at average foliage height 


ranged from 100 to 180 foot-candles, de- 
pending on the height of a plant and its 
position on the truck. 

Each series was so arranged that the 
taller plants of southern origin did not 
shade the smaller northern ones. As they 
developed, many of the taller culms were 
staked and tied to prevent them from 
falling over, breaking off, or shading sur- 
rounding plants. Pots were watered ade- 
quately to prevent temporary wilting 
even during hot sunny weather. Sow 
bugs and insect pests were controlled by 
the usual methods, and there were no 
fungus diseases of importance. 


TABLE 1 


Strain and clone 

Point of origin 
of clone or pa- 
rental seed lot 

Approxi- 

mate 

latitude 

Clone secured from 

12A 

Price, N.D. 

47° 10' 

Northern Great Plains 
Field Station, Man- 
dan, N.D. 

iiB, C. 

Mandan, N.D. 

46° 50' 

Northern Great Plains 
Field Station, Man- 

loi, B, C, D, E. . 

Moorhead, 

Minn. 

47° 00' 

dan, N.D. 

Field 

gA, B,C,D,E.. 

Dunes State 
Park, Ind. 

41° 30' 

Field 

&A,B,C,D 

North Haven, 
Conn. 

41° 23' 

Field 

7 -B 

Cheyenne, 

Wyo. 

41° os' 

Northern GreatPlains 
Field Station, Man- 
dan, N.D. 

6 By C 1 

1 Manhattan, 
Kan. 

39 ° 10' 

SCS Nursery, Man- 
hattan, Kan. 

sA, B, C, D, B. . 

1 Durham, N.C. 

36° 00' 

Field, Duke Forest 

4 A,B,C,D 

Arnett, Okla. 

36° 10' 

Field 

3 - 4 .,..;.. ...... 

Ardmore, 

Okla. 

34 ° 10' 

SCS Nursery, Man- 
hattan, Kan. 

2 A,B,C,D,B. . 

Alexandria, 

La. 

3 X° IS' 

Field 

iA,B,C,D,B.. 

Matagorda 

Bay, Jack- 
son County, 
Texas 

OQ 

0 

SCS Nursery, Tuscon, 
Ariz. 


Sent by 


George A. Rogler, 
BPI, Mandan, 

N.D. 

George A. Rogler, 
BPI, Mandan, 
N.D. 

J. J. Westfall, Moor- 
head, Minn. 

E. C. Larsen 

H. J.Lutz, Yale Uni 
versity, New Ha- 
ven, Conn. 

George A. Rogler, 
BPI, Mandan, 
N.D. 

M. D. Atkins, SCS, 
Manhattan, Kan. 

H. J. Costing, Duke 
University, Dur- 
ham, N.C. 

James E. Smith, Jr., 
SCS, Woodward, 
Okla. 

M. D. Atkins, SCS, 
Manhattan, Kan. 

J. T. Cassady, U.S. 
Forest Service, 
Alexandria, La. 

L. P. Hamilton, SCS, 
Tuscon, Ariz. 


Accession 
number of 
agency 


D-139-3 


D-138-3 (B) 
L-137-4 (C) 


D-6-II 


KG-1580^ 

KG-480 


KG-753 


A-2966t 


* Improved selection from KG-480. 

t Grown from seed from San Antonio, Texas, collection SA-4437. 
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Observations on culm elongation and 
flowering were made twice a week or 
oftener. Heights of the three longest 
tillers (to tip of outstretched leaf or in- 
florescence) on each plant were meas- 
ured on the first and fifteenth day of each 
month. The three values were averaged. 

On November 1, 1946, all plants were 
harvested by clipping just above the soil 


been taken, dry weights of tops were ob- 
tained by the usual methods. 

The N series was then placed back on 
the greenhouse benches, where most of 
the plants remained dormant during the 
winter months in spite of the warm tem- 
peratures. The plants in the garden (se- 
ries G), after clipping on November i, 
were left there to test their survival over 



line. Data were obtained on the total 
numbers of elongated and unelongated 
tillers. The central culm of each plant 
was analyzed for total length and for 
numbers of visible leaves, nodes, elongat- 
ed internodes, and flowering branches. 
If inflorescences were not visible, the 
growing points were dissected to show 
whether flowers or flower primordia were 
present. After these measurements had 


winter at Chicago. Strains i, 2, and 5 
winter-killed in the garden. All other 
plants survived out-of-doors. 

Results 

Flowering responses 

The date of first flowering of a strain 
in any series was recorded as the date on 
which anthers were first exserted (first 
anthesis) by the first clone to flower. The 


'6 strains of A . scoparms grown on photoperiods of 13 hours. Left to rigM, below, strains i, 
2, 3' 4> 5> 3.nd 6; above, strains 7, 8, 9, 10, ii, and 12. This photoperiod was not long enough to induce inter- 
nodal elongation. Southern strains show greatest leaf elongation. (Photographed September i, 1946.) 




Pig, 3, Twelve strains 01 /i. scopanus gxuwn uu pnuiopenoas 01 14 nours. j^ep to oetoWj strains 
2, 3 j 4 j 5? and 6; above, strains 7, 8, 9, lo, ii, and 12, Southern strains 1-5 showed culm elongation and flowe 
ing. Strains 6-12 remained vegetative. Strain 9 from sand dunes of Lake Michigan showed greatest 
tative growth among central and northern strains. (Photographed September i, 1946,) 
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date of last flowering of a strain is defined 
as that on which the last-formed in- 
florescence in its clonal population came 
into anthesis. The length of flowering 
season of a strain was measured as the 
interval between these ' two ^ extreme 
dates. 

None of the twelve strains flowered on 
13-hour photoperiod (table 2, fig. 2), 


Plants of only strains 2, 3, 4, and 5 pro- 
duced visible inflorescences on the 14- 
hour light period (fig.^ 3), although on 
November i, at the time of harvest, well- 
developed floral primordia were present 
in strain i. Strains 6-12 neither flowered 
nor showed elongation on 14-hour photo- 
period. In the 15-hour series, strains 4 
and 6-12 produced flowers (fig. 4), but 




Fig. 4. Twelve strams of scoparius on photoperiods of 15 hours. Left to right, heloio, strains i 

j’j ’ strains 7, 8, ,9, 10, II, and 12. All strains with elongated culms. Strains i, 2, -i and ■: 
didnotproduce flowers by time of harvesting. All plants were still green on harvesting date, November i 
(Photographed September I, 1946.) - . , vcmuci 1. 
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F IG s.—Twelve strains of A . scopariiis grown on Chicago natural daylength in the greent 
Left to HgM, below y Stx S, and 6; above; strains 7, 8, 9, 10, ii, and 12. All i 

except strain 6. Northern strains have begun to enter dormancy. (Photographed September 
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the southern strains i, 2, 3, and 5 had flowering in strain 6 in series iV. It is pos- 
not visibly flowered at harvest time, even sible that the delay in series G in com- 
though culms were elongated. Dissection parison with may have been related to 
of their growing points showed that the average cooler temperature condi- 
three of fifteen plants in strain 2, and tions in the garden, which delayed early 
five of ten m strain 5, had poorly de- growth in series G and also could have 
veloped floral primordia. Representa- lengthened the time between floral initi- 
tives of all strains flowered in the N se- ation and anthesis. 
ries (fig. 5) except strain 6, which showed Flowering season. — Extremes in 
a low percentage of elongated culms. In first- and last-flowering dates of each 
the G series all clones flowered except strain and the intervals between are also 
2C, 2E, 6 C, and loD. Plants 2E and ioZ> shown in table 2. One is impressed with 
did not flower in any series. the variability among the strains in the 

Time to first flowering.— Table 2 length of flowering season in any one 
shows the number of days after clonal di- treatment. This showed no correlation 
vision and planting on May i until first with latitude. There was also a noticeable 
anthesis in each strain in each series, tendency for the flowering season of a 
There was a tendency in any one treat- strain on 14- or 15-hour photoperiod to 
ment for southern strains to be delayed be longer than in the N or G series. This 
in flowering in comparison with northern was more obvious and significant when 
ones. This tendency was most consistent the comparison was based on individual 
in series G, in which all clones were most plants rather than on those representing 
vigorous and in which most clones of all the extreme dates in a strain. The data 
strains flowered. In this series strain i suggest that in some cases the flowering 
from Texas came into flower 65 days season was lengthened by constant 
later than strain 12 from North Dakota, photoperiod or was shortened by the 
In five out of the seven strains flower- progressively decreasing daylength. 
mg in both the N and the 15-hour series. The above suggestion is borne out by 
flowering was earlier on naturaPday- the fact that, with the coming of autumn, 
length. These data suggest a delay in the a state of dormancy was initiated in the 
time of first flowering in These strains on N and G series in which vegetative and 
the 15-hour photoperiod. This was reproductive activity ceased in all but 
brought out more clearly when the com- the most southern strains, even though 
panson of the two series was based on the the autumn was very mild and frost in- 
flowering data of individual plants rather jury to plants of series G was not evident 
than on the earliest representatives in until the middle of November The 
each strain. There was no consistent plants on 13-, 14-, and 15-hour photo- 
tendency for the r4-hour photoperiod periods remained green, and those in the 
either to delay or to accelerate flowering 15 -hour series continued to produce new 
in comparison with the N series for the elongated tillers. The length of the flow- 
five southern strains flowering on each, ering seasons of some 14- and 15-hour 
In nine strains it required a longer time plants was limited by harvesting, 
to first flowering in the G series than in Internodal elongation.— The time 
Je N series. In strain 2 the two series required after May i for evident elon- 
flowered at the same time. In strain 12 gation of internodes is shown in table 3. 
series G flowered first, and there was no Such elongation is sometimes taken as 
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a criterion of the onset of reproduc- 
tive activity, but, as shown later, this 
is not valid in A. scoparius. Differ- 
ences between series in any one strain 
were probably not significant, except 
where elongation was completely in- 
hibited on 13- or 14-hour photoperiods. 
The greatest range between strains was 
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in series G, in which strain 8 showed 
elongation in 68 days; strain i, in 132 
days. In general, it required longer for 
the southern strains to show elongation 
than the northern ones. 

The length of time between first evi- 
dent elongation and first flowering (table 
3) was more positively correlated with 


Strain no. 


12. . 

II . . 
10. . 
9. . 
8. . 
7. . 
6 . . 

5 - • 
4. . 

3 - • 
2. . 

I . . 


12, 

II . 

10. 

9 - 

8 . 

7. 

6 . 

5- 

4. 

3> 

2 . 

I . 


TABLE 2 

Flowering season* 


No. 01 " DAYS AFTER CLONAL DIVISION ON 
May I UNTIL FIRST FLOWERING 


Photoperiod 


124 

147 

132 

140 


X 5 


no 

I2I 

I2I 

139 

I OS 
144 
151 


151- 


First 




Q~ I 

9-24 

9-9 

9-17 

t 


Last 


124 

lOI 

no 

121 

no 

114 


144 

132 

139 

144 

172 


G 


114 

124 

119 

132 

129 

124 

144 
148 

145 

151 

144 

179 


No. OF DAYS BETWEEN FIRST 
AND LAST FLOWERING 


Photoperiod 


41 

32 t 

40 

32 


48 

16 

58 

33 

60 

I 

28 


28t 


First and last dates of flowering 


Photoperiod 


TO~I2 

I 0-26 t 

lo-ig 

10-19 


.First 


8~l8 

8-29 

8- 29 

9- 16 

8- 13 

9- 21 
9-28 


9-28 


Last 


10- 5 
9-14 
10-26 
10-19 
10-12 
9-21 
10-26 


I 0-26 t 


I 

23 

4 

30 

48 

18 


35 

19 

12 

14 

7 


37 

9 

18 

33 

22 

21 

28 

24 

20 

14 

28 

t 


First 

Last 

First 

Last 

9- I 

9- I . 

8-2 2 

9-28 

8- 9 

9- I 

9- I 

9 " 9 

8-18 

8-22 

8-27 

9-14 

8-29 

9-28 

9- 9 

10-12, 

8-18 

10- 5 

9-6 

9-2 S 

8-22 

9-9 

9 ~ I 

9-21 



9” 2 1 

10-19 

9-21 

10-26 

9-25 

ro-19 

9-9 

9-28 

9-22 

10-12 

9-16 

9-28 

9-28 

10-12 

9-21 

10-5 

9-21 

10-19 

10-19 

10-26 

10-26 

t 


* No plants flowered on 13-hour photoperiod, 
t Still flowering when harvested, 

t Floral primordia present on November i — 184 days after clonal division. 
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strain and treatment. Generally the 
southern clones required a longer interval 
than the northern ones in any one series. 
The number of days between elongation 
and flowering in general was greater in 
the 1 5~hour series than in the iV series for 
plants flowering in each. Strain 4 shows 
the delay on 15 hours quite clearly. In 
the 14-hour and N series it flowered 37 
days after initial elongation; in series G, 


ably be classed as intermediate-day 
plants rather than short-day, since they 
failed to flower on 13-hour photoperiod, 
flowered well on 14-hour photoperiod, 
and failed to flower or were delayed in 
flowering on is-hour photoperiod. 

In summary, these data on flowering 
strongly suggest that {a) the five south- 
ern strains are intermediate-day plants 
in their photoperiodic responses and that 


T.VBLE 3 


INTERNODAL ELONGATION * 



Straln no. 

Length of time to first evident 
ELONGATION AFTER May I 

Length of tlme between .fjr.st 
EVIDENCE OF ELONG.‘\TION AND 

FIRST .FLOWERING 


Pho toper iod 

Photoperiud 


14 

15 

.V 

G 

14 

TS 

A' 

G 

12 

II 


83 

no 

87 

95 

99 


27 

14 

US 

JO 



107 


21 

14 

17 

9 


90 

107 


10 

■15 

12 

S 


95 

83 

99 


49 

26 

33 ” 




/O 

6 hi 

107 



29 

27 

61 

6 


114 

99 

124 

76 


30 

15 

1 7 

5 

76 

no 

100 

100 

76 

114 


41 


30 

4 

99 

48 


68 

49 

31 

37 " 

3 

2 

95 

114 

95 

95 

114 

114 

37 

32 

S6 

37 

44 

I 

124 

104 

99 

40 


40 

45 

47 


104 

104 

104 

132 

t 


68 

«! • 1 - . ... 

— 

~~ 

— 




‘i' No evident internodal elongation in 13-hour series, 
t Floral primordia were present So days after evidence of elongation. 


in 31 days. On 15-hou.r pliotoperiod the 
interval was 56 days. Such a delay in 
strain 4 in the 15-hour series and the 
failure of strains i, 2, 3, and 5 to flower 
visibly on this photoperiod suggest that 
these southern strains have an upper 
critical limit for flowering at around 15 
hours or would be much delayed in flow- 
ering on photoperiods of this or greater 
lengths. It may be recalled that a few 
culms on some plants of strains 2 and 5 
on 15-hour photoperiod showed floral 
primordia when dissected on November 
I. Accordingly^ strains 1—5 should prob- 


(b) the northern strains may be long-dav 
plants, since they are able to initiate 
flowers on the long natural photoperiods 
of June^ and July in Chicago and flow- 
ered on 15-hour constant photoperiod 
but were inhibited from flowering on 13- 

and 14-hour photoperiods. 

I LOWERING BRANCHES. — A flowering 
shoot in A. scoparius usually includes one 
or more racemes in a tenpiinal inflores- 
cence and four to six or more axillary 
flowering branches arising from the up- 
per nodes of the culm. The average niim- 

^ As shown by experiments carried on in 1947. 
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ber of such branches on the central culm 
at final harvest is shown in table 4. In 
individual cases they had been produced 
at nearly all the nodes of the elongated 
culm. In strain 5 even the axillary buds 
in the lower leaf sheaths often developed 
into flowering branches. In the other 
strains these lower buds usually failed to 
develop. 

The number of axillary buds that de- 
veloped into flowering branches varied 
with the geographical strains. In general, 
the southern and East Coast strains pro- 
duced a greater number of such branches 
per culm than the northern and western 
ones. Strains from the extreme North 
and the extreme South failed to produce 
as many as the more centrally located 
strains. 

There was a somewhat direct relation- 
ship between the height and number of 
nodes of a culm and the number of flow- 
ering branches. The plants in the garden 
produced more flowering branches than 
those on any other treatment. In six of 
the seven strains which flowered in both 
the N and the 15-hour series, those plants 
on 15-hour photoperiod produced fewer 
flowering branches than those in the N 
series. 

Vegetative responses 

Tiller number and elongation. — 
The most striking effect of photoperiodic 
treatment was upon the degree of elonga- 
tion of leaf blades and sheaths and inter- 
nodes of stems. There apparently is a 
distinct critical photoperiod above which 
plants of a strain showed marked elonga- 
tion of culms and leaves and below which 
such elongation was exceedingly limited. 
None of the plants on 13-hour photo- 
period showed such elongation; all of 
them on 15-hour photoperiod did so 
(table 5, figs. 2“4). The critical photo- 
period for elongation in the species is ap- 


parently between 13 and 15 hours. On 
14-hour photoperiod, plants of the south- 
ern strains (1-5) elongated and produced 
flowers, while those of northern strains 
(6-12) showed no elongation. Strain 5 
originated at latitude 36° N., strain 6 
at 39° N. 

The plants on 13-hour photoperiod 
were much like those on other treatments 
in growth habits for a few weeks after 
planting. Their rate of height growth 

table 4 

Average number of flowering branches 

PER CENTRAL CULM* 


Strain 


Photo PERIOD 


NO. 

14 

15 

N 

12 


•2 


II 



6 

10 


2 

5 

4 

8 

9 


f 

8 


0 

7 

7 


2 

5 

6 


6 

5 

10 


12 

6 

4 

5 

8 

6 

3 


8 

7 

5 

2 

7 


I 







6 

5 

5 
8 

II 

4 

9 

13 

6 

14 
14 

7 


* Based on flowering plants only. 

then diminished rapidly, and they 
showed little increase in height through 
the remainder of the season. The south- 
ern strains grew more rapidly than the 
northern ones at first and continued to 
grow for several weeks after the northern 
ones appeared static. The latter showed 
little increase in height after the first 2-4 
weeks on 13-hour photoperiod, even 
though new leaves continued to form. 
However, the blades and sheaths and in- 
ternodes failed to elongate normally. 
Large buds formed in the axils of the leaf 
sheaths. The expansion of these buds 
forced the leaf sheaths open, spreading 
the two-ranked leaves apart. Some of the 
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fanlike rosettes approached a horizontal 
plane, but more of them oriented them- 
selves at right angles to the rays of the 
sun (fig. 6). 

Individual plants which failed to show 
elongation all produced large numbers of 
tillers. Apparently conditions which hin- 
der elongation or floral initiation may 
favor an increase in total tiller number. 
In general, the plants which did not 


from each plant, and the total number 
of leaves on it was recorded (table 6). In 
some strains there was no obvious cor- 
relation between number and photo- 
period or the amount of culm elongation. 
In part this may have resulted from the 
difficulties in making accurate counts of 
the leaves on the unelongated culms in 
the 13- and 14-hour series. Strains 7, g, 
and ro, in which these difficulties were 


TABLE 5 


Tiller number 


Strain no. 


Average no. of tillers per pl.ant 
ON November i 


Photoperiod 


t Large buds not counted as tillers. 



13 

14 

15 

iV 

1 

i 

G 

I 2. 

24 


17 



II 

18 

9 

40 

10 

7 

9t 

18 

7t 

O'? 

21 

12 

8 

33 

g 


10 

31 

8 

9f 

14 

9t 

25 

9 

6 

39 

7 

1 1 

II 

13 

14 

38 , 

6 

1 15 

5. . < 

- / 

21 

2 I 

1 2 

32 

93 

4 

17 

7 

II 

14 

3 

26 

JO 

9 

9 

19 

16 

38 

2 . ........ . 

7 

24 

I 

A 

5 

14 

8 

L 3 


y 

7 



7 

27 j 


Percentage of total no. op til- 
lers THAT ELONGATED* 


26 
30 

27 

43 

42 


Photoperiod 


35 

20 

27 

59 

39 
35 
66 

53 

5S 

40 
33 
44 


A' 


26 
SO 
16 

44 

22 

63 

27 
24 

28 
16 
26 


29 

II 

9 

45 
51 

^7 

27 

46 
18 

ss 

62 

72 


? Plant did not flower. 


flower produced more tillers than those 
that did. The is-hour plants, when taken 
as a whole, produced the smallest num- 
ber of tillers of all the treatments. 

At final harvest, ten of the strains 
showed a higher percentage of tillers 
elongated on 15-hour photoperiod than 
in the N series. The excepted strains are 
strain 7, in which insect injury to plants 
on is-hour photoperiod probably retard- 
ed elongation, and strain ri, one clone of 
which did not flower in this series. 

Number of leaves.— At the time of 
harvest, the central culm was removed 


not great, definitely had more leaves per 
culm under the 13-hour treatment, with 
no elongation, than in the other series. 
In contrastj in the southern strains i, 2, 
3, and 4, the numbers were lower in the 
plants on 13-hour treatment in which no 
elongation occurred than in the same 
clones in the other series. These southern 
strains, however, were much taller in the 
13-hour series than were the other strains 
which produced more leaves per central 
culni. In the other series, in general, the 
southern strains produced more leaves 
per culm than the northern ones. Strain 




Strain 

NO. 


8 -S 
8.8 
II -5 
17-3 

i2':.Q 

18.7 

8.7 

II'. 2 

7-3 

8.0 

8.3 

8.0 


^ Plant weak. 


1947] 


LARSEN— ANDROPOGON 


TABLE 6 


Central culms; data of November i 


Average m.vximum he 


rcHT (cm.) 


58 

109 

47 

77 

77 

108 

43 1 

I2I 

II2 

108 

103 


5 from North Carolina averaged twenty- 
one leaves on each central culm in 
series N. 

Growth in height.— Height meas- 
urements taken periodically through the 
summer of 1946 showed that, on 13-hour 
photoperiod, strains 1-4 reached their 
maximum height before July i. On 14- 
hour photoperiod, strains 1-2 grew in 
height until October 15; strains 3-5 con- 
tinued to increase until about September 
15 to October i, while strains 6-12 
showed little change in height after July 
I. In the other series in the plants which 
flowered, growth curves tended to begin 
to level off just prior to first anthesis, and 
most of these plants reached their maxi- 
mum height at about the time of full 
anthesis. 

At harvest time the central culm from 
each pot was clipped at ground level and 
was measured from the cut end to the tip 
of the outstretched leaf or inflorescence. 
The averaged values are given n table 6. 
The flowering plants were taller than the 
nonflowering. The shortest plants were 
in the northern strains $-12 on 13-hour 


8.0 

7-5 

4.9 

1 1. 9 

13.0 

7-3 
II .0 
17-3 
I 10.2 

17.0 
16.4 
14-3 


photoperiod. Southern strains 1-4 in this 
series were taller, even though they failed 
to show marked in ternodal elongation or 
to flower. On 14-hour photoperiod, 
strains 1-5 were very tall, but strains 
6-12 were about the same height as on 
i3~hour photoperiod (figs. 2, 3). In gen- 
eral, all strains were much taller in the 
iS-hour, N, and G series than on 13-hour 


Fig. 6. — Strain 12 from North Dakota; char- 
acteristic rosette condition developed in northern 
strains grown on 13-hour photoperiod. Leaves con- 
tinued to form even though blades, sheaths, and 
culms failed to elongate normall3^ (Photographed 
September 29, 1946.) 


.\VER\GE NO. or VISIBLE LEAVES 


Photoperiod 


49 

32 

31 

30 

107 
69 
100 
106 
1 19 


103 

52 

47 

93 

70 

90 

107 

100 


97 
53 * 
86 . 
no 


8.5 

10.4 

10.3 

II .6 
1 1. 6 
9.7 

13.2 

18.3 
13.0 
10 -3 
15-9 

II. 8 


9.7 
II . 2 
7-3 

11. 3 

12.0 
10. o 

7-5 

21.3 
I 3 -I 
iS-5 
13-3 
13.8 
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photoperiod. The various clones of a 
strain and series in the greenhouse were 
more variable in height than in the 
garden. 

Top weight.— At harvest time the 
tops were clipped just above soil level, 
and oven-dry weights were determined 
(table 7). In all strains except 7 and ii, 
plan ts of series G yielded more than the 
comparable plants in any of the other 
four series. This probably was related in 


TABLE 7 

•Average dry weight (gm.) per plant of 
CLIPPED TOPS, November i, 1946 


Strain 

Photoperiod 

NO. 





— - 


13 

14 

IS 

N 

G 

12 

24.7 

23-5 

49.0 

18. s* 

113.0 

lx 

18.0 

20.0 

45-9 

59-1 

52.3 

10. 

12.9 

17. 1 

24.8 

20.5 

37.0 

9 

0 

53-7 

57-7 

Si. 8 

61.0 

344.8 

0 

21,9 

26. 2 

45 . 0 

35-6 

92.0 

7 ...... . 

5.0 

39-7 

36.0 

96.7 

83.0 

0 

53-0 

22. 0 

117.4 

56.2 

231.7 

5 

29-5 

57-7 

64.6 

73.5 

123.7 

4 > 

43-5 

52.1 

57.8 

81.4 

91.2 

3 

62.2 

47-0 

29.5* 

80.2 

180.0 

2 

52.5 

78.9 

51.3 

67.0 

253.4 

I 

55-6 

89. 2 

79.7 

55.3 

327.8 



large part to the limiting effect of re- 
duced light intensity in the greenhouse 
upon the four series grown indoors as 
well as to the effect of pot culture. The 
degree of this limitation was most strik- 
ing in strain 9 from the Indiana sand 
dunes. However, differences in yield 
among strains and in relation to photo- 
periodic treatment were obvious in the 
greenhouse plants. The southern strains, 
in general, yielded more than the north- 
ern ones in all series. The southern plants 
are more robust and grow vegetatively 
for a longer time. In their native habitats 
they have a longer frost-free period. 
Strain 9 from Indiana Dunes State Park, 


however, produced more dry weight than 
any of the others in series G and stood in 
second or third rank in the 13-, 14-, and 
15-hour series. Apparently this strain, 
native to open sterile dune sand, is able 
to respond vigorously to improved soil 
and water relations. 

In many strains the effect of photo- 
period upon dry weight was striking. 
Strains i and 2 yielded more in the 14- 
hour series than in the 13-hour, 15-hour, 
or N series. Many of the northern strains 
produced only about half as much weight 
on 13-hour photoperiod as they did on 
15 hours. They are usually dormant 
under natural conditions when day- 
lengths are 13 hours or lower. Some of 
them also yielded more on the 15-hour 
treatment than in the corresponding N 
series. This may be correlated with the 
effect of the former in inducing continued 
vegetative and reproductive activity, 
while the plants in the N series became 
relatively dormant after flowering on the 
decreasing natural daylength. 

It should be emphasized that the dif- 
ferences in dry-weight yield among the 
i_3-> 14-, and 15-hour series are an expres- 
sion of photoperiodic effects and cannot 
be related to the differences in total ir- 
radiation as affecting opportunity for 
photosynthesis and carbohydrate ac- 
cumulation. The three series were all ex- 
posed equally to 9 hours of natural light 
per day and differed only in their lengths 
of exposure (4, 5, or 6 hours) to supple- 
mentary illumination of an intensity too 
low to be very effective in carbohydrate 
synthesis. 

Discussion 

The results have shown that A. 
scoparius as a species is strikingly sensi- 
tive to photoperiod. It has also demon- 
strated conclusively that there is consid- 
erable differentiation within this widely 
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ranging species as to the nature of the 
photoperiodic response. Somewhat simi- 
lar differentiation in side-oats grama 
has previously been reported by Olm- 
sted (19). 

The data for 1946 show that culm 
elongation, dry-weight yield, and floral 
initiation are sharply controlled by the 
photoperiod upon which the plants are 
grown. There is a critical lower photo- 
period below which dry-weight yield is 
low, culms do not elongate, and floral 
initiation is lacking. For strains of lati- 
tude 36*^ and southward, this critical 
photoperiod lies between 13 and 14 
hours; for strains of latitude 37° and 
northward, between 14 and 15 hours. 
Above this critical photoperiod, all 
strains showed culm elongation and rela- 
tively vigorous vegetative growth. xAd- 
ditional experiments in 1947 indicated 
that in many strains an 18-hour photo- 
period tended to induce earlier culm 
elongation than did a 15-hour one or 


ing. In their native latitudes they ex- 
perience photoperiods favorable to floral 
initiation early enough to have flowered 
and entered dormancy before any danger 
of frost but in Kansas were not exposed 
to such photoperiods until August or 
later. 

xAn intermediate-day status for the 
northern strains (6-1,2), based on flower- 
ing responses, has not been conclusively 
demonstrated, and they may probably 
be classed as long-day plants with a criti- 
cal photoperiod between 14 and 15 hours. 
One clone each of strains 6-12 flowered 
on 18-hour photoperiod in 1947 but were 
somewhat delayed in doing so in com- 
parison with the same clonal divisions on 
natural daylength or on 15-hour photo- 
period. It is very likely that the northern 
strains flower normally over a wider 
range of photoperiods than do the south- 
ern ones. The time of onset of flowering 
in them, in July or August, in their na- 
tive habitats suggests that these north- 



than did natural daylength at Chicago, ern strains initiate flowers during the 
All these data suggest a long-day season of long natural photoperiods in 



status of the species. That this is not true June and July. The experimental data 
of all the strains, however, is shown by indicate in part that possibly the natural 
the fact that strains i, 2, 3, and 5 either decreasing photoperiods are more favor- 
failed to flower or were much delayed in able for the later development of inflores- 
flowering on 1 5-hour photoperiod in com- ■ cences than are constant long ones. The 
parison with a 14-hour one. For floral experimental results also lead one to the 
initiation and vigorous and rapid flower- conclusion that the decrease in natural 
ing, they seem to require a narrow range daylength below a certain level may be 
of photoperiods lying between 13 and 15 partially responsible for the cessation of 
hours. They would thus be classed as in- vegetative and reproductive activity and 
termediate-day plants. Similar findings the onset of dormancy, especially in the 
were made by Allard (i), by Allard northern strains, 
and Evans (2), and by Allard and Since the great majority of species of 
Garner (3) in related species or genera. Andropogon are tropical or subtropical 
Cornelius (10) found in his collection in distribution, it is very likely that A. 
of strains of A. scop arius grown at Man- scoparius originated in low latitudes in 
hat tan, Kansas, that the southern ones which an intermediate- or short-day re- 
were delayed in flowering until the short sponse would be t)q 3 ical. It is likely that 
days of autumn and were likely to be in- the northward migration of the species 
jured by frost while still vigorously grow- into the higher latitudes of the United 
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States took place along at least two 
routes: through the central grassland 
region and up the Atlantic coastal plain. 

On the basis of morphological simi- 
larities and dissimilarities, it seemed pos- 
sible to separate the twelve strains used 
into three groups: northern (strains 7, 
10, 1 1, 12), central (strains 3, 4, 6, 9), and 
southern or eastern (strains i, 2, 5, 8). It 
will be noted by referring to figure i that 
these morphologically differentiated 
groups are not correlated solely with 
latitude but with altitude, physiographic 
provinces, and vegetational regions also, 
and, for the central and eastern and 
southern groups, with the suggested 
routes of migration. It is possible that the 
gioups are genetically differentiated from 
one another by reason of isolation of en- 
vironment. Within each group there may 
have been a greater chance for genetic 
intei change than between groups. If this 
hypothesis is correct, it is interesting that 
two of the three groups include both in- 
terrnediate- and long-day strains, sug- 
gesting the evolution of the long-day re- 
sponse along both of the suggested routes 
of migration northward. Since the species 
is a warm-season grass in accord with its 
probable origin in low latitudes, a north- 
ward migration would have been depend- 
ent upon the evolution of the long-day 
or day-neutral habit in the migrating 
populations, or at least upon an increase 
m length of the upper critical photoperi- 
od above that now found in strains i, 2, 

3, and 5. Only in this way could the 
species have become adjusted to flower 
during the short growing seasons of the 
noi them latitudes while still retaining 
the high minimum-temperature require- 
ments for growth still characteristic of it. 

Summary 

^ ■ ^OTty ^\a,x\ts oi Andropogon scopari- 
/ev from twelve points of origin were as- 
.sembled at the University of Chicago 


greenhouses in the spring of 1946 and 
were numbered as shown in figure i. The 
twelve geographical strains represented 
a latitudinal range of approximately 21° 
from Jackson County, Texas, to Price, 
North Dakota, and an east- west range 
from North Haven, Connecticut, to 
Cheyenne, Wyoming. Their responses to 
natural daylengths in greenhouse and 
garden and to constant photoperiods of 
I3 j r4j ^Dd 15 hours in the greenhouse 
were investigated. 

2. Growth and development were 
found to be sharply sensitive to length of 
photoperiod. None of the twelve strains 
flowered on 13-hour photoperiod. Plants 
of only southern strains 2, 3, 4, and 5 
produced visible inflorescences on the 
14-hour light period. Strain i had initi- 
ated floral primordia in this series when 
harvested on November i. In the is-hour 
series, strains 4 and 6-12 produced flow- 
ers, but the southern strains i, 2, 3, and 
5 had not visibly flowered at harvest 
time, even though culms were elongated. 
Representatives of nearly all the strains 
produced visible flowers on natural day- 
length, the southern ones later than the 
northern. Strains 1-5 should probably be 
classed as intermediate-day plants rather 
than short-day, since they failed to flow- 
er on 13-hour photoperiod and also failed 
to flower or were delayed in flowering 
on 15-hour photoperiod. The northern 
strains may be long-day plants, since 
they are able to initiate flowers on long 
photoperiods but were inhibited from 
flowering on 13- and 14-hour photo- 
periods. 

3. There apparently is a distinct criti- 
cal photoperiod above which plants of a 
strain showed marked elongation of 
culms and leaves and increase in dry 
Weight and below which such elongation 
or increase was exceedingly or somewhat 
limited. None of the plants on 13-hour 
photoperiod showed elongation; all of 
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them on is-hour photoperiod did so. On 
14-hour photoperiod, plants of the south- 
ern strains (1-5) elongated and produced 
flowers, while those of northern strains 
(6-12) showed no elongation. Strain 5 
originated at latitude 36° N., strain 6 
at 39° N. 

4. With the coming of autumn a state 
of dormancy was initiated in the two 
series on natural daylength; vegetative 
and reproductive activity ceased in all 
but the most southern strains. Plants on 
13-, 14-, and 15-hour photoperiods re- 
mained green, and those in the 15-hour 
series continued to produce new elongat- 


ed tillers. At final harvest, in general, the 
strains showed a higher percentage of 
tillers elongated on 15-hour photoperiod 
than in the indoor series on natural day- 
length. 

The assistance of those who supplied 
the clonal material and the help of Dr. 
Charles E. Olmsted in carrying out 
this experiment are gratefully acknowl- 
edged. 
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SOME EFFECTS OF 2 , 4 -DICHLOROPHENOXYACETIC ACID ON 
FRUIT-DROP AND MORPHOLOGY OF ORANGES^ 

W. S. STEWART^ AND L. J. KLOTZ^ 


Introduction 

Recent work has indicated that 2,4-di- 
chlorophenoxyacetic acid (2,4-D) may be 
superior to other growth-regulating sub- 
stances for the prevention of preharvest 
drop of certain varieties of apples (2). 
As with other compounds of this type, 
its effectiveness in increasing tomato 
fruit-set has also been demonstrated 
(12). In Florida (5) naphthaleneacetic 
acid and naphthaleneacetamide, when 
applied in aqueous sprays several months 
before fruit-drop is expected, have been 
shown to decrease preharvest drop of. 
pineapple oranges; when applied at the 
time of fruit-drop, they did not decrease 
the drop. These sprays have not come 
into commercial use because growers pre- 
fer to risk fruit loss rather than to incur 
the possibly unnecessary expense of 
spraying several months in advance of 
anticipated fruit-drop. Tests with these 
two chemicals in California were like- 
wise unsuccessful in decreasing prehar- 
vest drop of Washington Navel oranges, 
when applied after the drop had begun. 
Applications of a wide variety of growth 
substances also failed to increase fruit- 
set of Washington Navel oranges or of 
grapefruit (9). For these reasons, prob- 
lems of fruit abscission in southern Cali- 
fornia are again being studied to deter- 
mine the possible use of 2,4-D and re- 
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la ted compounds in decreasing fruit-drop 
of oranges. 

Periods op fruit-drop.— Abscission 
of orange fruit is not restricted to the 
dropping of matured fruit but may occur 
at any time during fruit development; in 
fact, it may be considered a continuous 
process. There are usually three periods, 
however, during fruit growth, when ab- 
scission may be intense. The first is the 
period of fruit-set, which usually lasts for 
a month following full bloom. Generally, 
sufficient fruit remains on the tree during 
this period so that prevention of abscis- 
sion is not an acute problem. There are 
times, however, when it would be desir- 
able to increase fruit-set. 

The second period of intense fruit ab- 
scission may occur at the onset of hot 
summer weather and is referred to as 
^‘June drop’’ (3). It is particularly severe 
with Washington Navel oranges growing 
in the inland districts of California. At 
the time of this drop, the young fruit is 
usually 1. 5-2. 3 cm. in diameter. Valencia 
oranges may also lose some of their 
young fruit during this period, although 
the drop is less than with Navels. 

The third period of intense fruit ab- 
scission is called “preharvest drop.” This 
may occur any time after the fruit begins 
to lose its green color and turn yellow and 
then orange. With both Valencia and 
Navel oranges this change in coloring 
takes place in the late fall, concurrently 
with the beginning of low night tempera- 
tures. Valencia oranges are not picked, 
however, until the following summer, as 
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they do not attain the minimum soluble 
solids-to-acid ratio of 8 to i until that 
time. It is sometimes even desirable to 
hold the fruit on the trees for the fall 
market. Navel oranges, on the other 
hand, may attain the 8-to-i ratio by 
December of the same year in which they 
flower and are accordingly harvested 
during the winter. The wet, cloudy 
weather and severe winds of the winter 
season hasten the natural fruit-drop of 
both varieties. Hot summer weather, 
which increases the June drop of imma- 
ture fruits, also seems to increase the loss 
of mature Valencia oranges. 


2,4-D were varied from i to 240 p.p.m. 
The higher concentrations used in these 
tests with 2,4-D (6 o“24o p.p.m.) were 
much higher than those employed in pre- 
vious tests with naphthaleneacetic acid 
and naphthaleneacetamide in Florida 
(5), because even the highest concentra- 
tions of those two chemicals, in previous 
tests in California, had failed to decrease 
fruit abscission. Since the tolerance of 
orange trees to 2,4-D was not known at 
the beginning of the present studies, 
usually only one-quarter or one-half of a 
tree was sprayed. 

Fruit-set. — ^To determine whether 



Fig. I. — Curling of young, expanding Valencia orange leaves in response to aqueous sprays (lejt to 
of o, 15, and 30 p.p.m. of 2, 4"D. (Photograplied 10 days after spraying.) ^ 


The present paper reports some of the 
effects of 2,4-D on fruit abscission during 
the three periods described above. 

' Experimentation 

All the 2,4-D applications referred to 
in this paper were made as water sprays, 
using diethanolammonium 2,4-dichloro- 
phenoxyacetate, which was obtained as 
a commercial liquid preparation contain- 
ing the equivalent of 40% free 2,4-D. No 
supplementary spreading agent was 
used. The spray equipment varied from 
3-gallon, continuous-pressure, Hudson- 
type garden sprayers to 600-gallon, high- 
pressure spray rigs. Concentrations of 


2,4-D would increase fruit-set, two field 
plots of Valencia orange trees were es- 
tablished — one plot at East Covina and 
the other at Glendora, California. 

At the East Covina plot, concentra- 
tions of S, 15, 30, and 60 p.p.m. of 2,4-D 
were tested. At each concentration the 
spray was applied to the east half of one 
tree and to the west half of another. Ap- 
plications were made on April 19, 1946, 
during the period of full bloom. Mature 
leaves showed no apparent response, but 
within 24 hours all treatments had in- 
duced a downward and inward rolling of 
the margins of the young, expanding 
leaves (fig. i). The response of the young 
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aJiI' f °J P-P-'"- ^>4-1^ “iPPWed to Valencia orange tree at full bloom 

«« Sist •"'■ "" <« “■> 

flowers retained on the trees (fig. 2 , In the field the complete flowers were 

Still retained on the sprayed trees 8 

trretL «roJ ^ after spraying. It became evident 

greatly accelerate the rate of abscission at this time, however, that, although the 

frn T’ ^ When twigs flowers had not dropped , the ovaries were 

om the sprayed and unsprayed trees pale yellow in color instead of the usual 
were e^osed to ethylene in the labora- deep green, and relatively few were de- 

Sn?weetX^-^'f ^.4-D had veloping bto fruit. Fur^therirr" the 
eT aS leTf abtf • those 

abscission (fig. 3). On the on the unsprayed trees were two to three 
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times as large as at the beginning of the 
experiment. In late May, with the com- 
ing of summer weather, nearly all the 
flowers that had been retained on the 
sprayed portion of the trees dropped, 
and, as a result, with 2,4-D sprays of 
30 p.p.m. or more, there appeared to be 
even fewer young fruits remaining on the 
sprayed portion of a tree than on the un- 
sprayed. It was also eviaent from these 


er, after application. It seems unlikely 
that a second spraying during that time 
would have been any more effective in 
inducing fruit development than was the 
first. Although 2,4-D can apparently de- 
lay the formation of abscission layers in 
the flower parts, the effect, in these trials 
at least, was not such as to stimulate en- 
largement of the ovary. A different or ad- 
ditional growth factor is probably neces- 


Fig. 3. — Twigs of Valencia orange after 58 hours in ethylene chamber at high humidity: A, from portion 
of tree sprayed 10 days earlier with 60 p.p.m. of 2,4-D.; from unsprayed portion of same tree. 


trials that the blossom-retaining effect of 
2,4-D was not transmitted from the 
sprayed portion of the tree to the un- 
sprayed area. 

These results were duplicated at the 
Glendora plot, where concentrations of 
15, 30, 60, 120, 240, and 480 p.p.m. of 
2,4-D were tested. For each concentra- 
tion alternate quadrants were sprayed 
on the north halves of two trees. 

It was found that at all concentra- 
tions the 2,4-D sprays effectively de- 
creased the usual abscission of ovaries 
and flower parts for 8“i2 weeks, or long- 


sary for the enlargement of the ovary. 
This might be found in pollen extracts 
or in the stilbene compound recently re- 
ported as being very effective in inducing 
fruit growth of tomato (ii). 

June drop.— Studies of the effective- 
ness of 2,4-D sprays in decreasing June 
drop of young orange fruits were begun 
on May 31, 1946. Aqueous sprays con- 
taining 25, 75, and 225 p.p.m, of 2,4-D 
were applied on trees of both Washington 
Navel and Valencia oranges at Riverside. 
The Navel plot consisted of six random- 
ized blocks in which east or west halves 
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of the trees were sprayed, the sides al- 
ternating from block to block. The Va- 
lencia plot consisted of a Latin-square ar- 
rangement of trees, which were sprayed 
on alternate east or west halves, accord- 
ing to the row. Immediately after spray- 
ing, all the leaves and young fruit were 
removed from underneath the trees, and 
a heavy circular wire hoop inclosing an 
area of lo square feet was placed under 
the sprayed half of each tree. Subsequent 
fruit-drop was determined by counting 
only the fruit within the hoop. 


readily with transmitted light. This re- 
sponse was not observed in the leaves of 
the Nave] orange but was noted in leaves 
on grapefruit trees sprayed with this con- 
centration of 2,4-D (10). 

On both Valencia and Navel orange 
trees, the 75- and 225-p.p.m. sprays de- 
creased the amount of maturing fruit and 
induced morphological changes in the 
fruit still remaining on the trees. The 
225-p.p.m. treatment on the Valencia 
trees caused a curious pebbling of the 
peel of the green fruit (fig. 4). Prelimi- 


TABLE 1 


Effect of aqueous sprays of 2,4-D on June drop of young Washington 
Navel and Valencia oranges. Spray applied on May 31, 1946 
First fruit count, June 13; second count, July 12, 1946* 




Average no. of fruits dropped per tree 


C 0 NCENTR.\TI 0 N 

OF 2 , 4 -D 
(P.P.M.) 


Navels 



Valencias 


First 

count 

Second 

count 

Total 

First 

count 

Second 

count 

T:.tal 

0 (unsprayed con- 
trol) 

52 

83 

135 

134 

105 

239 

25 - 

61 

106 

167 

68 

177 

! 245 

75- • • 

33 

149 

182 

93 

149 

242 

225. 

19 

124 

M3 

49 

158 

207 


* In area of lo square feet under each tree. 


In both plots the 2,4-D delayed abscis- 
sion of the young fruit for 6-8 weeks, but 
after that time the fruit dropped to the 
same extent as though the trees had not 
been sprayed (table 1). In addition, there 
was severe curling of all foliage expand- 
ing at the time of the spray application. 
Actually, however, as the treatment was 
made between flushes of leaf growth, 
little response of this type was observed. 
The mature leaves of the Valencia orange 
trees sprayed with 225 p.p.m. of 2,4-D 
developed chlorotic areas. These were 
usually found in the tissue between the 
lateral veins and could be seen most 


nary microscopic observations of free- 
hand sections indicate that this is the re- 
sult of both outward and inward elonga- 
tion of the oil glands of the peel These 
glands in normal fruits are usually ellip- 
soidal and imbedded in the peel and do 
not protrude above the surface of the 
rind as in the sprayed fruits (6). The rind 
was also several times thicker on the 
sprayed fruits than on the unsprayed. 

On the same Valencia trees, some 
fruits became cylindrical in shape and 
developed a small navel complete with 
juice vesicles (fig. 4). The spherically 
shaped fruits on either treated or un- 



Fig. 4.-4, pebbled appearance of rind of fruit of Valencia orange tree sprayed with 75 p.p.m. of 2,4-D 
on May 31, 1946. (Photographed October 14, 1946.) Note navel structure and rind proliferation where 
fruit touched ground. B {lep) spherical (normal) shape of fruit from unsprayed control tree; {right) cylindrical 
shape of fruit from tree sprayed with 225 p p.m. of 2,4-D. (Photographed November i, 1946.) Note persistent 
style and navel structure. 
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Dissection of a hundred of the largest 
seeds showed that most of them had 
embryos, of which only about 15% were 
over 3 mm. in length. Cultures are being 
attempted with the largest embryos. 
Seed counts of seventeen fruits from the 
trees sprayed with 225 p.p.m. of 2,4-D 
indicated an average of 53*9 seeds per 


On January 9, 1947, the fruits on the 
sprayed and unsprayed Navel trees were 
harvested and counted. Fruit size was 
determined by counting the fruit in each 
full field box. It was found that the 25- 
p.p.m. spray had increased fruit size, 
compared with that of unsprayed fruit 
and that still greater size increases had 


Fig. s- Washington Navel oranges. Above, normal fruit from unsprayed portion of tree £e/om (Irfi) 
cyhndncal shape of some fruit and {rigkt) excessive navel growth of oLr Mr/rrport ion of a^^^^ 
to which aqueous spray of 225 p.p.m. of 2,4-D had been applied. 


fruit, with a standard error of ± 7.1. The 
different responses of the young Navel 
fruits to high-concentration sprays were 
probably the result of spraying fruit in 
slightly different growth stages. As none 
of these changes in fruit morphology was 
anticipated, individual fruits were not 
tagged at the time of spraying. 


been obtained in fruit sprayed with 75 or 
225 p.p.m. of 2,4-D (table 2). These last 
two concentrations also resulted in a de- 
creased fruit yield. It is possible, how- 
ever, that the increases in fruit size were 
a direct response to the 2i4-D itself and 
not an indirect response to the fruit- 
thinning effect of reduced yield, since 
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hand thinning of Navel oranges results 
in aiameter increases of not more than 
8% (8), compared with increases of as 
much as 25% obtained with the sprays. 
These data suggest a possible use of 
2,4-D sprays for increasing fruit size. 

At the time of obtaining the above 
yield records, composite samples of a 


produced larger fruits than the untreat- 
ed. They also showed that changes in 
fruit structure accompanied size in- 
creases. On the basis of fruit weight, 
there was an increase in percentage of 
rind and rag, and a decrease in juice, 
with increasing concentrations of 2,4-D 
(table 3). Chemical analyses of the juice 


Fig., 6. — Washington Navel oranges showing seedlike structures in fruits frona trees sprayed on May 31, 
1946, with the following amounts of 2,4-D in water: {upper right) 25 p.p.m., {lou'er left) 75 p.p.m., {loiver 
right) 225 p.p.m. Fruit at upper left is an unsprayed control. (Photographed November i, 1946.) 


hundred and twenty fruits (twenty from 
the treated half of each tree) were taken 
for quality studies. The fruit samples 
were selected to be representative of the 
treatments; they were not random sam- 
ples. Physical measurements confirmed 
the results of field-box counts and indi- 
cated that the treated halves of the trees 


indicated a decrease in total acids as a 
result of the sprays (table 4). Since large 
fruit has been found to contain a lower 
concentration of soluble solids than 
small fruit (i), the slight decreases in 
soluble solids observed in the large fruit 
from the treated halves of the trees are 
not considered significant. The very 
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slight decreases in ascorbic acid are like- 
wise not considered significant. 

The effectiveness of 2,4-D sprays in 
decreasing June drop of oranges appears 
to be in essentially the same category' as 
its effectiveness in increasing fruit-set. 
In both cases the drop was delayed, only 
to be followed by the same amount of 
drop as though the spray had not been 
applied. In fact, at concentrations of 
2,4-D above 25 p.p.m., the sprays in- 

TABLE 2 

Effect of aqueous sprays of 2,4-D on yield 
AND SIZE of Washington Navel orange 
fruits. Sprays applied to one-half of 
each tree on May 31, 1946; fruit harvest- 
ed ON January 9, 1947 


Concentration 

OF 2,4-D 
(p.p.m.) 

Yibld 

(averagje no. of 

FRUITS FROM 

HALVES OF 

SIX TREES) 

Size 

(A\rERAGE NO. OF 

FRUITS PER 

FIELD BOX, FROM 

HALVES OF 

SIX trees) 

Sprayed 

Un- 

sprayed 

Sprayed 

Un- 

sprayed 

0 (unsprayed 





control) .... 


300 


163 




25 

327 

256 

147 

182 

75 

186 

272 

III 

164 

225 

73 

289 

100 

137 


duced greater delayed drop, so that pro- 
duction was actually decreased. The in- 
crease in size of the remaining fruit sug- 
gests possible use of these sprays to in- 
crease fruit size; however, at the expense 
of commercial quality. Although satis- 
factory results for the control of June 
drop were not obtained, there are indica- 
tions from the data that the problem 
may be solved by further studies in this 
direction. 

Preharvest drop.^ — The effect of 
2,4-D on preharvest drop of Valencia 
oranges was studied in two field plots at 
Rivera, Los Angeles County, California, 


and in one plot at Camarillo, Ventura 
County. 

Severe preharvest drop is usually an 
annual occurrence in the Rivera district, 
apparently as a result of environmental 
conditions there. The first plot estab- 
lished in this area consisted of five treat- 
ments in six replicated, randomized 
blocks, one tree in each block being used 
per treatment. In three of the’ blocks the 
east half of the tree was sprayed; in the 
other blocks the west half was treated. 
Concentrations of 2,4-D used were: o, 5, 
10, 20, and 40 p.p.m. The second plot 
consisted of treatments of o, 5, and 20 
p.p.m. of 2,4-D. In this plot, as in the 
June-drop studies, east or west halves of 
trees were sprayed, the sides alternating 
from block to block. There were four 
randomized trees per treatment. 

In both plots, immediately after 
spraying, all fruit on the ground was re- 
moved, and subsequent periodic counts 
were made of the fruit dropped. In ad- 
dition, in the first plot, fruit remaining 
on the tree at the end of the experiment 
was determined for both treated and un- 
treated halves, so that fruit-drop here is 
expressed as a percentage of the total 
number of fruits on the halves of the tree 
at the beginning of the experiment. This 
eliminates the effect of tree size on the 
drop counts. 

There was a significant reduction in 
fruit-drop in both Rivera plots as a re- 
sult of the 2,4-D sprays. In the first plot 
this varied from 39.6 to 55.7% for the 
5-p.p.m. and 40-p.p.m sprays, respective- 
ly (table 5). The decreases in fruit-drop 
with sprays of 5-20 p.p.m. of 2,4-D were 
significant at 5%; the decrease with the 
40-p.p.m. spray was significant at 1%. 
In the second plot, where effects of tree 
size could not be eliminated, the 5-p.p.m, 
spray failed to decrease fruit-drop sig- 
nificantly; the 2o-p,p.m. spray, however, 
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effected a decrease of 49.3%, which was 
significant at the 5% level (table 5). 

The Camarillo plot was established on 
September 5, 1946, late in the harvest 
season for Valencia oranges. There had 
been a heavy fruit-drop during the pre- 
ceding 2 weeks, and an estimated two 
hundred to three hundred fruits per tree 
had already dropped before the treat- 
ment was applied. This plot consisted of 
forty trees, twenty trees in each of two 
adjacent rows. Ten of the trees in each 
row were sprayed with 25 p.p.m. of 
2,4-D, and the others were left un- 


sprayed for comparison. The entire tree 
was treated. In each row the sprayed and 
unsprayed trees alternated, so that, in 
comparing the trees in the two adjacent 
rows, one always found a treated tree op- 
posite an untreated one. Immediately 
after spraying, all fruits were removed 
from the ground under the trees. 

On October 9 the fruit on the ground 
was counted (fig. 7) and that remaining 
on the trees was harvested and counted. 
On the basis of the total amount of fruit 
on the trees at the beginning of the ex- 
periment, there was an average drop of 


TABLE 3 


Effect of aqueous sprays of 2,4-D on physical-quality factors of Washington Navel 

ORANGE fruits FROM HALVES OF TREES SPRAYED ON MAY 31, 1946; 
fruits harvested on JANUARY 9, 1947* 


Concentration 

Whole fruit 

RlNDf 

(weight) 

R.\c 4 

(weight) 

Juice 

(weight) 

i 

OF 2 ,4-D 
(p.p.m.) 

Volume 

(nil.) 

Diameter 

(cm.) 

Weight 

(gm.) 

Gm. 

% of 
whole 
fruit 

Gm. 

% of 
whole 
fruit 

Gm. 

% of 
whole 
fruit 

0 (unsprayed 
control) 

143-5 

6.45 

130.7 

61.8 

47-3 

1-39 

I . I 

67-5 . 

51-6 

25 

210.6 

7.49 

178.0 

89.9 

50-5 

5-54 

3-1 

82.6 

46.4 

75 

261 . 2 

7.63 

227.4 

122.5 

53-9 

8.40 

3-7 

96.5 

42.4 

225 

293.9 

8.05 

256,9 

137-5 

53-6 

i3-So 

5-4 

105.6 

41.0 


Composite samples of 120 fruits each. 

t Flavedo, albedo, and any additional attached tissues remaining after reaming fruit on electric juice extractor. 
t Tissues not passing through vibrating sieve on electric juice extractor. 


TABLE 4 


Effect OF aqueous sprays of 2,4-D on chemical-quality factors of Wash- 
ington Navel orange fruits from halves of trees sprayed on 
May 31, 1946; fruit harvested on January 9, 1947* 


Concentration of 
2,4-D 

pH 

Total 
acid, as 
citric 
(%) 

Soluble 

solids 

(%) 

Ratio of soluble 
solids to total 
acid 

Ascorbic acid 
(mg./ioo ml. 
juice) 

0 (unsprayed con- 
trol) 

3.29 

1-37 

12.72 

■ 

9.28:1 

61.53 

25 - • 

3-29 

1 . 21 

12.58 

10.40:1 

60.06 

75 - - - - • 

3-39 

1. 15 

12.51 

10.53:1 

57-13 

22 s; 

3-43 

1. 14 

12.58 

11.03:1 

58.60 


=** Composite samples of 120 fruits each. 


TABLE 5 




Fig, 7,— Valencia oranges dropped between September 5 and October 9 at Camarillo plot: {lefl) from 
twenty trees sprayed with 25 p.p.m. of 2,4-D and (right) from twenty unsprayed trees. 
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11.05% from the unsprayed trees, com- 
pared with 2.47% from the sprayed ones. 
This difference of 78% is significant at 
the 1% level. The number of fruits 
dropped from the twenty unsprayed trees 
was 2,861, compared with 599 from the 
sprayed trees. In addition, most of the 
fruit dropped from the unsprayed trees 
was firm and of a better quality than that 
dropped from the sprayed ones. The 
spray treatment thus not only decreased 
drop but also resulted in a drop of only 
the poor-quality fruit. 

Fruit-quality analyses of representa- 
tive composite samples of one hundred 
fruits each from twenty unsprayed and 
from twenty sprayed trees indicated no 
significant differences in soluble solids, 
total acid, pH, or ascorbic acid. 

With the preharvest sprays, as with 
the fruit-set and June-drop sprays, it was 
observed that a curling of the expanding 
young leaves occurred at concentrations 
of 2,4-D above 5 p.p.m. At 5 p.p.m. leaf 
curling was barely perceptible. When the 
sprays were applied between leaf-growth 
flushes, little or no curling of leaves was 
apparent. 

In the plots at both Rivera and Cama- 
rillo the treatments were applied after 
fruit-drop had started. Gardner (5), in 
Florida, reported that, in the use of 
sprays of naphthaleneacetic acid and 
naphthaleneacetamide, the more in ad- 
vance of the drop the application was 
made, the less was the drop. When ap- 
plied 3“4 months before the drop, they 
induced the greatest decrease; their ap- 
plication w'hen fruit was dropping caused 
little or no decrease in fruit-drop. In con- 
trast, the 2,4-D sprays decreased fruit- 
drop as much as 78% when applied even 
after the drop had been occurring for 2 
weeks. At present, the main difficulty in 
the use of 2,4-D sprays is their curling 
effect on new foliage. It is not known to 
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what extent, if any, curling may impair 
the efficiency of the leaves or be a serious 
objection. The spray would be applied 
only once a year for preharvest fruit- 
drop, whereas there are at least three 
leaf-growth flushes a year. For this rea- 
son, only one set of new leaves would be 
affected, and if the spray were applied 
between growth flushes even this amount 
of leaf injury might be avoided. 

Summary 

1. Some effects of aqueous spra3^s of 
2,4-dichlorophenoxyacetic acid (2,4-D) 
on fruit-drop and morphology of oranges 
are reported. 

2. When applied to Valencia orange 
trees at full bloom, these sprays delayed 
blossom-drop 8-10 weeks, or more, but 
did not increase fruit-set. Applications in 
May likewise delayed the June drop of 
immature Washington Navel orange 
fruits 6-8 weeks but did not increase 
yield. 

3. Young Navel fruits sprayed at this 
time with concentrations of 25-225 
p.p.m. of 2,4-D developed seeds, or seed- 
like structures, in contrast to unsprayed 
fruits, which were seedless. Some fruit on 
the trees sprayed with concentrations of 
225 p.p.m. of 2,4-D developed a thick 
rind and grew excessively large, protrud- 
ing navels; other fruits became cylindri- 
cal in shape. 

4. Fruit on Valencia orange trees treat- 
ed in May with a concentration of 225 
p.p.m. of 2,4-D developed a thick, pebbly 
rind. Other fruit on these trees became 
cylindrical in shape and developed small 
navels. 

5. Applied to Valencia orange trees 
bearing mature fruit, the sprays de- 
creased preharvest fruit-drop as much as 
78%, even when applied 2 weeks after 
severe drop had begun. 

6. Until additional data are available 
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from studies now in progress, these 
sprays are not recommended for commer- 
cial use. 

The authors appreciate the generous 
and willing co-operation of the owmers of 
the groves used in this work. They thank 
the Thompson Horticultural Chemicals 


Corporation of Los Angeles for furnish- 
ing the 2,4-dichlorophenoxyacetic acid. 
The assistance of Mr. Louis Branna- 
MAN and Mr. Howard Evans greatly 
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effects OF 2 , 4 -DICHLOROPHENOXYACETIC ACID ON GAS 
EXCHANGE OF WHEAT AND MUSTARD SEEDLINGS 

CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 592 


D. L. TAYLOR" 


Introduction 

Information has been contributed by 
many investigators concerning the na- 
ture of responses of various tissues and 
plants to variations of treatment with 
the substituted phenoxyacetic acids, es- 
pecially 2,4-dichlorophenoxyacetic acid 
(2,4-D). The present wide use and indi- 
cated possibilities for even broader uses 

^ Deceased December 6, 1947. 


of these chemicals make it most desirable 
to obtain more information as to the 
way, or ways, in which they influence 
metabolism. Several investigators have 
reported on the hydrolytic and mobiliza- 
tion responses involving reserves in a 
number of dicotyledonous species after 
treatment with chemical growth-regula- 
tors (14, 15, 21, 22, 26). Often the 
amount of mobilized carbohydrate has 
been observed to decrease before the end 
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of the tests or prior to the death of treat- 
ed plants. 

Brown (7), who investigated water 
relations and the distribution of solid 
matter in kidney beans, used a volumet- 
ric method with an 18-hour test period 
and found distinctly increased carbon 
dioxide (CO2) evolution by beans 5-7 
inches tall and by mature morning-glory 
plants sprayed with 1000 p.p.m. of 
2,4-D. By means of manometric tech- 
nique Smith et al. (21) recently observed 
increased rates of oxygen (O2) uptake by 
segments of underground stems of bind- 
weed field-sprayed with 2,4-D. It has 
been suggested that starvation may have 
developed as a part of the complex of re- 
sponses, resulting in the eventual death 
of treated plants. An interpretation has 
been made that increased utilization of 
reserves resulting from stimulated re- 
spiratory activity may have contributed 
toward development of starvation. 

Since November, 1946, many tests 
have been conducted on mustard, radish, 
wheat, barley, and rice seedlings in a 
study of effects of 2,4-D on their metab- 
olism of energy release. This paper pre- 
sents results on the intensity and dura- 
tion of treatment with 2,4-D as corre- 
lated with the alteration of gas-exchange 
rates of mustard and wheat seedlings at 
different stages of seedling development. 

Material and methods 

Certified seed of Henry variety of 
spring wheat {Triticum vulgar e) and 
white mustard {Bras sic a alba) were used. 
The 2,4-D, recrystallized twice from ma- 
terial of a technical grade, was a small 
crystalline, white powder, m.-p. 134°“ 
136° C. The rates of O2 uptake and CO2 
evolution of samples of seedlings which 
had been variously treated with 2,4-D 
werfe measured with standard Warburg 
manometric equipment, using details of 


the technique for the direct (two-vessel) 
method (27). 

In preparation for a test, sound seeds 
were stirred 4 minutes in a saturated, 
filtered solution of calcium hypochlorite. 
After subsequent thorough stirring in 
six changes of w^ater, the seeds were 
spread on tw-o layers of filter paper in 
moist-chambers 8 inches in diameter 
which contained io-“2o ml. of free water. 
Germination progressed in the dark in an 
incubator at 28° C. for wheat and at 
25° C. for mustard until the seedlings 
were of an age desired for treatment, 
after which large ' numbers of uniform 
seedlings were selected, divided into 
lots, and each lot placed in the desired 
treatment solution. The period of ger- 
mination was always considered to begin 
at the time of treatment to disinfect 
seeds. 

All manometric measurements were 
made in the dark at 28+0.1° C. in solu- 
tions buffered by M / 100 monopotassium 
acid phosphate. In all experiments the 
manometers were moved i lo-i 20 strokes 
per minute. It was established that the 
activity of standard seedling samples in 
air and in nitrogen did not vary when 
manometers were moved at more than 
90 strokes per minute and that the ac- 
tivity of untreated seedlings increased 
uniformly in air during test periods last- 
ing 3 hours. The O2 content of the air in 
the vessels or the diffusion of gas in the 
substrate solution (2.5 ml.) apparently 
did not limit aerobic activity under these 
conditions. 

Manometers were read at intervals of 
10-15 minutes during test periods of 45- 
100 minutes, depending upon the inten- 
sity of activity and the size of sample 
tested. The rates of O2 uptake and CO2 
evolution and the size of seedlings varied 
for different kinds and ages. These quali- 
ties were factors considered in determin- 
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ing the numbers of seedlings of different 
kinds or ages used in manometric tests. 

Eight to twenty-five selected seedlings 
were used in each replicate. The number 
used per replicate w^as smaller as the 
seedlings became older and was larger for 
mustard than for wheat seedlings of the 
same age. The same numbers of seedlings 
of a species were used in the replicates of 
all treatments in different tests of seed- 
lings of any specific age. 

Manometric data were converted to 
volume values, and the rates of O2 up- 
take and CO2 evolution were calculated 
(27) on a seedling basis. In previous 
studies on wheat (19, 24) and on other 
cereals (4, 12, 24), embryonic activity 
has been found to account for 80-90%, 
or more, of the total seedling utilization 
of O2 or of CO2 evolved. Therefore, em- 
bryos (minus scutella) were removed 
from the wheat seedlings tested, dried to 
constant weight, and the activities cal- 
culated on the basis of i mg. dry weight 
of such embryonic tissue. 

Mustard seedlings proved to be much 
less satisfactory for study than wheat. 
Rates of O2 uptake and CO2 evolution 
were relatively low, and, though larger 
samples“-2o± 5 seedlings — were tested, 
the variations in results (up to 10%) 
were often greater than those for wheat 
(8% or less). Subdivision of mustard 
seedlings into relatively active and in- 
active parts was not possible as it was for 
wheat. Values for untreated mustard 
were obtained which were relatively very 
low when data for some of the initial 
tests were calculated on the basis of unit 
of dry weight of seedling tissue (see data 
for seedlings 70 hours old, table 3). Since 
no consistent advantage resulted from 
such calculations, weight data were not 
obtained in several of the tests, and the 
results are presented on the basis of seed- 
ling samples only. 


Several advantages are gained from 
manometric techniques, even though the 
number and the size of seedlings (the 
amount of tissue) and the length of a 
test period without resetting of the ap- 
paratus tend to be somewhat limited. Ac- 
curate data could be obtained from nu- 
merous, comparatively brief tests (ii) 
in which relatively small samples of in- 
tact seedlings, or seedling tissues, could 
be subjected to a variety of conditions of 
environment and treatment with 2,4-D 
according to techniques which have been 
used, fully described, evaluated, and ac- 
cepted by numerous individuals. 

Some advantages in using seedlings, or 
tissues thereof, were the ease of obtaining 
ample, uniform test material in minimum 
time; the normal occurrence of very high 
activity in such material; and the ease of 
accomplishing significant variations of 
treatment. Greater reproducibility of 
samples of tissue used in a test and be- 
tween results of different tests and repli- 
cates of a treatment was found to be pos- 
sible if the seedlings were selected for 
treatment when their early development 
could be determined to be normal. It 
should be kept in mind that previous 
studies have shown that a succession of 
rather marked qualitative and quantita- 
tive changes in activity normally occurs 
during the development of many seed- 
lings or their parts (i, 6, 10, 12). 

Experimentation 

In a number of initial tests informa- 
tion was obtained concerning the degree 
of apparent response of the metabolism 
of energy release in relation to duration 
of treatment. Some details of technique 
in later tests were determined in part ac- 
cording to results of these tests. The rate 
of O2 uptake was measured for represent- 
ative, fifteen-seedling samples of wheat 
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and mustard during the twenty-fourth 
hour after seeds -were disinfected. When 
seedlings were 24 hours old, buffered 
2,4-D solution was tipped from a side- 
arm into the If/ 100 phosphate buffer in 
the seedling chamber of the vessel and 
thoroughly mixed so that the 2,4-D con- 
centrations which resulted were o, i, 2.5, 
or 5 p.p.m. During the first and second 
hours after addition of 2,4-D the O2 up- 
take by the samples w^as measured 
(table i). 

Earlier studies (10, 12) have shown 
that marked changes in the rate of res- 
piration parallel to rapid growth oc- 
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curred in seedlings during a similar peri- 
od. It would seem possible that the rate 
of activity of the samples might reflect 
some such change even during relatively 
short test periods. The progressive de- 
velopment of the effect of the treatment 
with 2,4-D on growth (size of sample) 
might be a factor to be considered in 
evaluation of the metabolic responses of 
variously treated samples of seedlings. 
Treatment of data for gas exchange on 
the basis of weight of embryonic tissue 
might facilitate evaluation or elimina- 
tion of the effect of the acid on growth of 
the sample. Adjustment for unavoidable 


TABLE 1 


Progressive development of effect of 2 , 4 -D on rate of 0^. uptake by wheat 

OR MUSTARD SEEDLINGS 25 HOURS OLD. ACTIVITIES SHOWN 
AS CU. MM./HR./io SEEDLINGS 



Time oe 

MEASUREMENT 


Treatment (p.p.m.) 


Wheat 


Mustard 


Measured rate* 


183 

174 

174 

1 78 

35-0 

36.0 

42.0 

53-0 

192 

I6S 

180 

172 

41.0 

30.0 

34.0 

59 <o 

196 

162 

■ 174 ' 

174 

37-5 

24.0 

28.0 

$0.0 


Change in rate measuredf 


+5 

”3 

+3 

“3 

+17 

-17 

i 

-19 

-f-ii 

+ 7 

~5 

0 

— 2 

+ 7 

-33 

~33 

- 6 


Difference between measured and expected ratesj 


r-fi 

r-f-2 


— 8 —2 

-13 ~~7 


* Base rate for each sample was determined during hour (r— r) immediately prior to time (T) of addition of 
2,4-D to substrate, Mea.5urements of activities were made during first (T-fi) and second (r+a) hours after treat- 
ment. 

t Changes are expressed in relation to base rate (T— i) of each sample valued as 100. 

t- Changes in rate for untreated seedlings, measured 1 and 2 hours after T, were applied as factors to base rates 
(T—i) measured for treated samples to obtain values for latter samples which would be expected in the absence of 
2,4-D during i and 2 hour.s after T. Differences between measured and expected rates for each sample are shown in re- 
lation to 100 assigned to expected rate for each sample at i or at 2 hours after T. 




-19 

-31 

-9 

1 

-3S 1 

i 

-38 
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differences in volume size of samples 
might also be possible. 

In the protocols (fig. i) for control 
wheat (IF-Q and mustard {M-C), lines 
I and 2 converge toward line B at the 
top. This indicates a progressive increase 
in rate of O2 uptake during the test. Evi- 
dence of growth was not visible, and 
other growth data were not obtained. In 
other similar tests it was not possible to 
measure a significant increase in the 
weight of embryonic tissue of samples 
during such test periods. However, this 



Fig. I. — Protocols of tests of O2 uptake by 
wheat (IF) and mustard (M) seedlings: (B) un- 
treated during twenty-fourth hour of development, 
(C) untreated and (5) treated with 5 p.p.m. of 
2,4-D during twenty-fifth and twenty-sixth hours 
(j and 2, respectively) of development. Treatments 
applied to seedlings 24 hours old. 

relation for controls most likely is an ex- 
pression of small, possibly unmeasurable 
growth which accompanied or resulted in 
the increase in O2 uptake of the samples. 
Change in rate of O2 uptake per unit 
weight of tissue possibly, but not neces- 
sarily, was involved. 

Base rates of O2 uptake were different 
for different samples (table i, measured 
rates at T~i). It seems probable that the 
volumes of embryonic tissue would have 
varied somewhat among samples and 
that initial rate was proportional to 
sample volume. During the 2 hours of 
treatment, rates of O2 uptake of treated 


samples did not increase as much as did 
those of untreated samples (table i, 
change in rate measured). Protocol O2 
uptake lines (i and 2) for seedlings in 
5 p.p.m. of 2,4-D converged less toward 
the base rate lines {B) than they did for 
respective control samples during the 
first and second hours after treatment 
(fig. i). This may indicate an effect of 
2,4-D on growth (weight of sample), an 
effect on rate of O2 uptake per unit 
weight of tissue, or a complex involving 
both effects. 

A smoother relation between rate of O2 
uptake and concentration or duration of 
treatment with 2,4-D resulted when the 
data for measured rates of treated 
samples were somewhat adjusted to ac- 
count for the probable variation in initial 
volume of the samples (table i, difference 
between measured and expected rates). 
Such calculation shows that the rate of 
O2 uptake of wheat and mustard seed- 
lings had been reduced 7-38% during 2 
hours following application of i p.p.m., 
or more, of 2,4-D. The response was pro- 
portional but not parallel to duration of 
treatment and was irregular in relation 
to concentration of 2,4-D. 

In all instances after 2 or 18 hours of 
pretreatment with 2.s-~io p.p.m. of 
2,4-D (table 2), the rates of O2 uptake 
and of CO2 evolution by intact wheat 
seedlings 30 or 48 hours old were re- 
duced compared with controls. The de- 
creases in rates of activity were some- 
what proportional to concentration and 
to duration of treatment with 2,4-D, 
Slightly greater decrease in rate of O2 up- 
take than in rate of CO2 evolution oc- 
curred in seedlings 48 hours old, so that 
respiratory quotients {RQ) of the treated 
samples were slightly higher than those 
of controls. 

During the test period of 18 hours the 
mean dry weight of untreated samples 
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increased 155%. Increase in dry weight 
of embryo of treated samples was iS- 
29% less than in controls. When evalu- 
ated on the basis of unit dry weight of 
embryo, decreases in activities resulting 
from treatment were always appreciably 
less and were more clearly and uniformly 
related to factors of concentration and 
duration of treatment than they were 


twenty-five seedlings 74-7S hours old, 
pretreated for 2-6 hours with 0.25--5 
p.p.m. of 2,4-D, were in all cases lower 
than those for controls (table 3, fig. 2). 
As in wheat, the amount of reduction of 
an activity was generally proportional to 
concentration and duration of treatment 
with 2,4-D. Difierences in initial samples 
may in part explain the fact that treated 


TABLE 2 

Mean rates of CO2 evolution and of O2 uptake and RQ values for wheat seedlings 30 or 
48 hours old, treated for 2 OR 18 hours with 2,4-D. Relative rates shown for duplicate 
treated samples, 10 seedlings each, in comparison with value of ioo for mean rate of 
untreated samples in each test 


R.A.TE OF 

ACTIVlTy 


CO. 

c 

>2 

(cu. ram. /hr.) 

(cu. mm. /hr.) 

Per mg. 
Per 10 ^ 

Per 10 

Per mg. 

seedlings , 

embryo 

seedlings 

embryo 

221 .1 15.28 

217. I 

15-24 

82 97 

85 

99 

89 95 

89 

93 


85 

91 

384.9 11.06 

394-2 

11.42 

70 93 

1 69 

89 

68 85 

66 

82 

57 82 

1 54 

77 


RQ 

Dry weight 

OF embryo 

Per 10 
seedlings 

Per mg. 
of 

embryo 


1.02 

1.04 

13. 3 + 1.4 mg.* 

0.99 

0.99 


1.02 

1.02 


0.98 

0.97 

34.o±i.2 mg.t 

0. 98 

1 .01 

82±6t 

I. 01 

1 I .01 

78+4} 

1.02 

1.02 

7 i± 8 t 


Mean, and maximum variation per 14 replicates. 

t Mean, and maximum variation per 3 replicates. 

when calculated on the basis of seedling 
samples. 

The RQ values, very close to i.o for 
untreated seedlings, suggest the func- 
tioning of an aerobic, hexose-type metab- 
olism. Although treatments inhibited 
growth, the slightly higher RQ values for 
treated seedlings 48 hours old might be 
interpreted to indicate that anaerobic 
CO2 evolution either was evoked or was 
not inhibited as much as aerobic CO2 
evolution. 

Rates of CO2 evolution and O2 uptake 
by samples of mustard consisting of 


seedlings 78 hours old were heavier than 
controls. 

In comparison with controls in this 
test, for all treatments the reduction of 
CO2 evolution was as great as, and usual- 
ly greater than, reduction of O2 uptake. 
The RQ values of treated seedlings were 
lower than those of controls. The latter 
were higher than in other tests of mus- 
tard (table 6). xAerobic oxidation proc- 
esses in treated seedlings may have been 
less nearly complete than in controls, or 
treatment may have altered the t3^e of 
substrate utilized in such seedlings which 
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have relatively low carbohydrate re- 
serves but are relatively high in fat. To 
the extent that the oxidative processes 
may be similar and may be similarly af- 
fected by treatment, the comparative re- 
sponses of wheat and mustard seedlings 
suggest that anaerobic metabolism in 
mustard is potentially relatively weak. 
The influence of 2,4~D on such metabo- 
lism likely would not be very great. 




Fig. 2, — Mean relative rates of CO2 evolution 
{solid dots) and O2 uptake {open dots), and RQ 
values (semisolid dots) measured when duplicate 
twenty-five-seedling samples of mustard, 70 hours 
old, were treated with 0-5 p.p.m. of 2,4-D. Age of 
seedlings shown on line A and duration of treat- 
ment on line B. 

Compared with controls, changes in 
the rates of CO2 evolution and O2 uptake 
and in the RQ values for mustard seed- 
lings 26-48 hours oldj pretreated for 2-24 
hours with 2.5 or 10 p.p.m. of 2,4-D 
(table 4), were in general similar to those 
for older seedlings (table 3). Relative to 
the amount of decrease in rate of O2 up- 
take resulting from treatment, the rates 


of CO2 evolution and the RQ values for 
seedlings 32-48 hours old were reduced 
less than for seedlings 78 hours old. This 
could be considered partial evidence that 
anaerobic metabolism in the younger 
seedlings was potentially greater in 
amount or was less sensitive to 2,4-D 
than in the older seedlings. 

When the data were treated to show 
cumulative change in the relative rates 
of activities (table 4), the distinct influ- 
ence of treatment with 2;4-D in limiting 
the growth of seedlings, as well as in af- 
fecting their rates of metabolic activity, 
became more apparent. CO2 evolution 
was only slightly nearer to that of con- 
trols than was O2 uptake for the seedlings 
up to 32 hours old. The O2 uptake of 
seedlings 48 hours old was appreciably 
more like that of controls than was CO2 
evolution. Altogether these data for mus- 
tard seem to give little clear indication of 
anaerobic metabolism greater or less sen- 
sitive to 2,4-D than aerobic metabolism 
in younger as compared with older seed- 
lings. 

On the basis of the tests described, and 
others, it appeared that 2,4-D caused 
marked effects which were expressed 
strongly within 3 hours following appli- 
cation of treatment. A number of tests 
were conducted in which seedlings of dif- 
ferent ages (fig. 3) were pretreated for 3 
hours immediately prior to measurement 
of their rates of gas exchange. Differ- 
ences in the sizes and relative activities of 
seedlings of different types and ages 
made it desirable to use samples of dif- 
ferent sizes in various tests. Data are 
summarized in terms of samples consist- 
ing of ten seedlings to facilitate compari- 
son between activities of a type of seed- 
ling of any age in different tests. The 
data for wheat were also analyzed on the 
basis of unit dry weight of embryo (table 
5, fig- 4 )- 



TABLE 3 


Mean rates of CO. evolution and of O. uptake and RQ values for mustard seedlings 74 

TO 78 HOURS OLD, TREATED FOR 2 TO 6 HOURS WITH 2,4-D. ACTIVITIES FOR DUPLICATE 
SAMPLES EXPRESSED ON BASTS OF 10 SEEDLINGS 



Pre- 

2,4-D 

COa 

n. 




Seedling 

TREAT- 

EVOLUTION 

UPTAKE 


Me.vn 

AGE 

MENT 

CONCEN- 






DRV 

(he.) 

TIME 

T RATION 





WEIGHT 


(HR.) 

(P.P.M.) 

Cu. mm. /hr. 

% 

Cu. mm./hr. 

% 


(mg.) 

74 

2 

0 

I2S. 2 

100 

135-3 

100 

0.95 

24.Otl.5t 



0.25 

II3.I 

go 

131-3 

97 

0.87 




I 

106.5 

83 

II7.0 

87 

0.91 




5 

99-3 

77 

II5.I 

85 

0.86 


75 

3 

0 

0.25 

'63-5 

100 

156.0 

142.2 

100 

91 

1-05 





87 





I 

142.9 

147.4 

94 

0.97 




5 

127.5 

78 

143.0 

92 

0.89 


00 

6 

0 

to 

0 

100 

215.4 

100 

1.08 

24.5 + 



0-25 

9.09=^ 

100* 

8.49* 

195.2 

100* 

91 

1.07* 

26. 2t 











7 - 35 * 

87* 





1 

194.2 

84 

188.3 

87 

1.03 

27.6! 




; 7 . 1 1 * 

78* 

6.88* 

81* 

1,03* 



5 

192.9 

85 

1S2. 7 

85 

1 . 06 

26.6} 




6.86* 

75* 

6 . 57 * 

75 * 

1 . 04* 



Calculated per mg. dry weight of embryo. f Twelve replicates. + Three replicates. 


TABLE 4 


Effects of 2,4-D on gas-exchange relations of mustard seedlings. Mean values shown for 

ACTIVITIES OF DUPLICATE SAMPLES SELECTED AT 24 HOURS AND THEN TREATED WITH 2,4-D 
FOR 2-24 HOURS PRIOR TO MEASUREMENT OF ACTIVITIES 


Seed- 

ling 

AGE 

(hr.) 

Treatment 

Measured rate 

OP ACTIVITY 

RQ 

ReL-ATIVE RATE OP ACTIVITY 

Time 

(hr.) 

Concen- 

tration 

(p.p.m.) 

Cu. mm./hr. per 

10 seedlings 

Per seedling age* 

Cumulative change 
in ratef 

COa 

Oa 

COa 

Oa 

COa 

Oa 

26 

2 

0 

34-8 

40.7 

0.86 

100 

100 

0 

0 



2.5 

31-5 

39-4 

0.80 

91 

97 

" 9 

”■ 3 



loj 

29-3 

37-0 

0.79 

84 

91 

— 16 

“ 9 

27 

3 

0 


44.0 



100 


+ 8 










10 


38.7 



88 


— t- 









0 

32 '' 

* 

0 

SI -9 

59-1 

0.87 

100 

100 

+ 49 

+ 46 



2.5 

44-6 

51*5 

0.87 ‘ 

86 

87 

-f 28 

+ 27 



io 

41.2 

46.6 

0.88 

80 

79 

+ 18 

+ 15 

:48 

24 

0 

74.1 I 

98.2 

o- 75 

100 i 

100 

+ 113 

+142 



2.5 

64.0 

90.7 

0.71 

86 

92 

-j- 84 

-fi 23 



10 

S 5'6 

78.7 

0.71 

75 

80 

-j- 60 

+ 94 


Activities of untreated seedlings of each age valued as 100. 
t Activities of untreated seedlings 26 hours old valued as 100. J Only one determination of Oa uptake. 
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Progressive increase in the rates of O2 
uptake and CO.^ evolution per ten control 
seedlings clearly reflect the increase in 
size of wheat (table 5) and mustard 
(table 6) seedlings as they became older. 
The change in rates per milligram of 
wheat tissue showed that the fraction of 


the seedling having lower rates of activi- 
ties increased with age. The RQ values 
for mustard clearly tended to decrease 
as the seedlings became older, likely in- 
dicating a progressive depletion of car- 
bohydrate reserve and a shift toward a 
noncarbohydrate substrate for metabo- 



Fig. 3.— Representative seedlings at time of treatment. Upper {left to right), wheat 18, 24, 30, and 50 
hours old; lower {left to right), mustard 30, 50, and 70 hours old. 



Fig. 4. — Mean relative changes in volume rates of CO2 evolution and O2 uptake and changes in RQ 
values for wheat seedlings 18-60 hours old after 3 hours under treatment with 0.25-10 p.p.m. of 2,4-D. 
For each 2,4-D concentration five positions are shown, representing {left to right) seedlings 18, 24, 30, 50, 
and 60 hours old. Data calculated on the basis of i mg. of dry weight of embryonic tissue. In all tests activi- 
ties of untreated seedlings valued as 100 (o on figure scale). Dots appearing in line vertically with a bar 
indicate maximum variations of means for activities observed in various tests involving age of seedling 
and treatment concerned. No tests made on seedlings 24 hours old with i or 10 p.p.m. or on seedlings 60 hours 
old with 10 p.p.m. 




TABLE 5 


Mean rates of CO2 evolution and of O2 uptake and RQ values for samples of wheat 

SEEDLINGS l8~6o HOURS OLD TREATED FOR 3 HOURS WITH 0.25-10 P.P.M. OF 2,4-D 


Seed- 

ling 

AGE 

(hr.) 

Test 

NO. 

2 , 4 -D 

CONCEN- 

TRATION 

(P.P.M.) 

Rate of activity 0 

SEEDLINC 

COa 

(cu. mm. /hr.) 

F SEEDLINGS .-\ND OF 

TISSUE 

O2 

(cu. mm./hr.) 

RQ 

Per 10 
seedlings 

Per mg. of 
embryo 

Per 10 
seedlings 

Per mg. of 
embryo 

Per 

seedlings 

Per 

embryo 

18 

I 

0 

81.6 

21 . II 

79-7 

21 . 19 

1.02 

0-99 



0.25 

65.0 

16. 96 

66.0 

17.38 

O.9S 

0.98 



2-5 

77-0 

17.60 

7 B ‘3 

17.70 

I . 02 

0-99 



0 

76.5 

15.51 

73-1 

14.82 

I -OS 

1.05 



I 

76.4 

15.60 

70. 1 

14.30 

I . 09 

1 . 09 



S 

76.0 

15.40 

69-3 

14.04 

I . 10 

1 . 10 



10 

75-0 

15.20 

71. 1 

14.42 

1.05 

r.05 

24 

it 

0 

144-2 

17-36 

146.5 

17-73 

0.98 

0.98 



0.25 

1.36.5 

17-33 

133-2 

16.61 

I .02 

1.04 



2-5 

120.3 

15.41 

118.3 

15-05 

I . 02 

1.02 



5 

loi . 8 

12.69 

105.8 

13-05 

0.96 

0-97 

30 

I 

0 

243.4 

17.46 

241. 1 

17.47 

I . 01 

1 .00 



0.25 

197.7 

14-03 

211-5 

15.33 

0-93 

0.92 



2.5 

179.1 

13.09 

194.0 

14.48 

0.92 

0.90 


2 

0 

173.2 

16.42 

177.9 

16.73 

0-97 

0.98 



I 

186.3 

14.41 

194.0 

14.74 

0.96 

0. 98 



5 

149. 1 

10. 28 

156.4 

10. 16 

0-95 

I . or 


3 

0 

182.5 

15-05 

187.8 

15.56 

0.97 

0.97 



2.5 

134-9 

12.45 

147.8 

13-51 

0.91 

0.92 


4 

0 

183.8 

16.5s 

190.3 

17-13 

0.97 

0-97 



I 

200. 1 

13-36 

195.2 

15-84 

1.03 

0-97 



5 

177. 8 

14.00 

180.8 

14.46 

0.98 

0-97 



10 

165.8 

10. 72 

166.4 

11.32 

1. 00 

0.95 

50 

I 

0 

302.2 

12.25 

323-5 ! 

13-33 

0.93 

0.92 



0.25 

269. 1 

13. II 

304-3 

14.66 

0.88 

0.89 



2-5 

235.0 

11.66 

278.1 

13-49 

0.8s 

0.86 


2 

0 

294.2 

10. 76 

307.0 

II .41 

0.96 

0.94 



I 

333-4 

II. 51 

336.8 

11.70 

0.99 

0.98 



5 

268.8 

9-34 

294-3 

10.05 

0. 91 

0-93 


3 t 

0 

399.6 

II . 71 

422.0 

12.25 

0-95 

0.96 



2-5 

379.1 ' 

11.22 

393-9 

11.57 

0- 96 

0-97 



5 

387-5 

II. 51 

392-4 

11.50 

0.99 

1 .00 



ro 

348.7 

9-78 

377-5 

10.59 

0.92 

0-92 

60 

I 

0 

406.7 

12.30 

447.0 

13-38 

0.91 

0.92 



I 

389.4 

10.67 

412.2 

11.74 

0.94 

0.91 



5 

285.9 

8.71 

379-0 

11.24 

0. 76 

0.78 


2 

0 

307.9 

10.4s 

344-5 

11-33 

0.89 

0.92 



0.25 

376.1 

10.71 

402.5 

II. 14 

0-93 

0.96 



2.5 

285.0 

8.25 

288.4 

8.33 

0.99 

0.99 


Only one determination of O2 uptake for all treatments in this test, 
t Only one determination of COa evolution for all treatments in this test. 
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lism. This shift, which was less evident 
for w^heat seedlings, has been noted to be 
typical in previous studies of the metabo- 
lism of developing cereal seedlings (4, 10). 

On an absolute basis, variation of ac- 
tivities of treated and untreated seed- 
lings of given ages occurred among tests. 
Some part of this represented experi- 
mental error, but part of the variation 
must have resulted from qualitative and 
quantitative differences in detail of met- 


abolic activity, which were developed in 
response to environment during culture 
of seedlings prior to their selection for 
treatment. 

In only four instances — two at 30 
hours, one at 50 hours, and one at 60 
hours — did the rates (based on ten-seed- 
ling samples) of O2 uptake and CO2 evo- 
lution of wheat treated with 0.25-1 
p.p.m. exceed the rate for untreated 
seedlings. These increases were from 7% 


TABLE 6 

MEAN RATES OF CO. EVOLUTION, O 2 UPTAKE, AND RQ VALUES FOR DUPLICATE 
SAMPLES OF MUSTARD SEEDLINGS TREATED FOR 3 HOURS WITH 0.25-10 P.P.M. 

OF 2,4-D. Volume rate for untreated sample valued as ioo relative to 

RATE FOR TREATED SAMPLES IN EACH TEST 


Test no. 

Seedling 

AGE 

(hr.) 

Pretreat- 

ment 

TIME 

(hr.) 

2 , 4 -D 

TREATMENT 

(P.P.M.) 

Activity of untreated 

SEEDLINGS (CU. MM./HR./iO 

seedlings) and RELATBE ' 
ACTIVITY FOR TREATED 

SEEDLINGS 

RQ 

CO. 

0 . 

33 

30 

3 

0 

40. 2 

42,6 

0.94 




0.25 

91 

91 

•94 




S 

82 

84 

.92 

35 

30 

3 

0 

33-3 

39-2 

•Ss 




I 

97 

91 

.90 




10 

86 

89 

.88 

13* 

50 

3 

0 

93-5 

136.8 

.67 




2.5 

89 

94 

.66 




10 

87 

90 

.67 

37 

50 

3 

0 

107.3 

128.0 

.84 




I 

86 

89 

.80 




5 

88 

91 

.81 

34 t 

50 

3 

0 

92.3 

95-0 

•97 




0.25 

89 

91 

•94 




2.5 

86 

90 

•93 




10 

81 

81 

.96 

ist 

75 

3 

0 

145-7 

199. 1 

•73 




2.5 

79 

94 

.62 




10 

77 

88 

.64 

14* 

70 

24 

0 

140.4 

188.5 

•75 




2.5 

99 

96 

.78 




10 

97 

95 

0. 76 


Tests 13 and 14 were conducted as a series in which length of pretreatment time varied as indicated. 
CO2 evolution rate was measured only on one sample in these tests. 

t Three determinations of rate of O^ uptake and one of CO2 evolution made for each treatment in this 

test. 
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to 22% and were greater in the older 
than in the younger seedlings. The varia- 
tion among rates for replicates in a test 
of older seedlings (8% or less when seed- 
lings were 50 hours old or more) was 
usually greater than that (less than 5%) 
which occurred in tests of younger seed- 
lings. When the data were calculated on 
the basis of unit weight of embryonic 
tissue, five of the apparent increases 
proved to be decreases, and the other in- 
creases were of lesser magnitude. 

By far the main effect of 2,4-D was to 
reduce all rates of activity in proportion 
to the concentration applied. Some un- 
explainable variations from the smooth- 
ness of this general trend appeared for 
both wheat and mustard seedlings. The 
main difference between the responses of 
the two kinds of treated seedlings con- 
cerned the degree of changes in rates of 
O2 uptake or of CO2 evolution. The O2 
uptake of wheat was generally decreased 
by 2,4-D relatively more than that of 
mustard. This difference was irregular 
and not great. 

The rate of CO2 evolution of mustard 
was decreased in degree approximately 
equal to, or greater than, the reduction 
in the rate of O2 uptake (table 6). De- 
creases in the rates of CO2 evolution of 
wheat which occurred when low concen- 
trations (0.25-2.5 p.p.m.) were applied 
to seedlings of different ages in several of 
the tests were relatively slightly less than 
the decreases in rates of O2 uptake (table 
5). In general, as a result of these re- 
sponses the RQ values for treated mus- 
tard usually tended to remain similar to 
those of controls, or to decrease, while 
the RQ values for treated wheat in- 
creased slightly in several instances, or 
were similar to those of untreated seed- 
lings. 

For both kinds of seedlings of all ages, 
treatment with 5-10 p.p.m. of 2,4-D 


caused decreases in the rate of CO2 evo- 
lution approximately equal to, or greater 
than, the marked decreases in the rate of 
O2 uptake. The RQ values often were 
lower than controls. Evidence has been 
presented (12, 18) that anaerobic metab- 
olism is normally stronger during the 
period of earl}^ germination than during 
the later development of some species. 
The results of all the tests on wheat and 
mustard suggest stronger anaerobic me- 
tabolism in wheat than in mustard. 
Though responses were sometimes ir- 
regular, a comparison of the complexes 
of responses in younger and older seed- 
lings, especially wheat, seems to indicate 
somewhat stronger anaerobic metabo- 
lism during the earlier stages of develop- 
ment. 

Discussion 

Soon after several different chemical 
growth-regulators, in particular 2,4-di- 
chlorophenoxyacetic acid (7, 13, 21, 26), 
are sprayed on vegetative tops, responses 
in parts of several species of dicotyledon- 
ous plants appear to involve mobiliza- 
tion of reserve carbohydrate, increase in 
content of soluble sugars, and increase in 
metabolic activity, often followed by de- 
crease in soluble sugars and by the devel- 
opment of malconditions or by the death 
of the plants (2, 13, 15, 22). Hydrolyses of 
reserves and their mobilization over rela- 
tively short distances from seed-storage 
organs to the rapidly growing and me- 
tabolizing embryonic parts normally oc- 
cur at high rates in seedlings (i, 4, 10). 
Germinating seedlings contain appreci- 
able amounts of soluble sugars (i). 

Many kinds of seedlings have been 
shown to be relatively highly sensitive to 
treatment with 2,4-D (3, 8, 16, 25). Devel- 
opment of malconditions, often death, 
frequently has been shown to follow soon 
after treatment of seedlings with rela- 
tively low concentrations of the acid. Al- 
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though growth was some’what inhibited, 
O2 uptake by wheat seedlings was stimu- 
lated by low concentrations of indoleace- 
tic acid (19). This acid stimulated O2 up- 
take and protoplasmic streaming in oat 
coleop tiles when applied in concentra- 
tions of 10 p.p.m. or less (5, 23). 

There was very little, if any, distinct 
indication of any increase in metabolism 
of energy liberation in seedlings after 
treatment with 0.25--10 p.p.m. of 2,4-D. 
Usually such activity decreased soon 
after treatment. Results of tests of oxida- 
tive processes in seedlings and of tests on 
established plants (7, 21) would seem to 
indicate another instance of marked dif- 
ference in response of tissues to treat- 
ment with 2,4-D. 

In so far as judgment can be based on 
evidence from gas-exchange studies, the 
results of tests on wheat and mustard 
seedlings indicated that metabolism was 
decreased by treatment with 0.25-10 
p.p.m. of 2,4-D. In general, the apparent 
responses of the monocotyledonous and 
dicotyledonous species appeared similar, 
even though reports of investigations on 
seedlings have clearly shown a differential 
herbicidal effect of 2,4-D on various 
plant groups and varieties (3, 8, 16, 

25)- 

At least in the case of wheat and mus- 
tard, the differential herbicidal effect 
does not seem to be primarily concerned 
with a distinct difference in response of 
the energy metabolism of the seedlings. 
Nor does it appear likely, on the basis of 
gas-exchange responses, that abnormal, 
rapid depletion of metabolic and growth 
substrate, induced by treatment with 
2,4-D, would be a major factor possibly 
contributing toward development of 
starvation as a part of the complex of 
malconditions reported to occur in seed- 
lings after treatment. 


Hsueh and Lou (9) recently have re- 
ported that metabolic activity and ger- 
mination of seedlings were distinctly de- 
creased and delayed, or completely in- 
hibited, during tests lasting 6 days when 
seeds of a number of species were treated 
with relatively high concentrations (up 
to 1000 p.p.m.) of 2,4-D. In general, the 
gas-exchange responses which they ob- 
served for treated seed, especially barley, 
seemed qualitatively similar to those 
which are here described for wheat and 
mustard seedlings treated with 10 p.p.m., 
or less, of the acid. They found that bar- 
ley, wheat, and seed of a number of di- 
cotyledonous species did not germinate 
when treated. Rice seed showed germina- 
tion activity of some nature which was 
somewhat delayed compared with that 
of untreated seeds. Mainly by means of 
manometric tests they found that appar- 
ent anaerobic oxidation in rice was en- 
gendered by 2,4-D. This response seemed 
related to germination activity in rice. 
The tenable, but not entirely proved, 
suggestion was made that the anaerobic 
oxidation processes in rice treated with 
2,4-D were able to supply energy re- 
quired for endothermic processes of ger- 
mination. 

In considering the differences observed 
in the relative amounts of germination of 
rice compared with other seeds tested by 
Hsueh and Lou, it is interesting to note 
the relative rates of respiration. The ap- 
parent aerobic activity of rice after treat- 
ment was greater than that of other simi- 
larly treated seedlings. It seems possible 
that the greater development by treated 
rice seedlings could as well be correlated 
with their higher level of aerobic respira- 
tion. 

The difficulty one experiences in fol- 
lowing treatment by Hsueh and Lou of 
their data precludes the possibility of any 
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direct comparison between results of 
their manometric tests and those of 
others. Moreover, their manometric data 
are difficult to evaluate critically because 
quantitative expression of volume rates 
of gas exchange or the constants to allow 
calculation of their data in terms of vol- 
ume rates were not given. It did not ap- 
pear that the progressive development 
of the effect of treatment on growffh (vol- 
ume and uniformity of samples) was 
given detailed consideration in the evalu- 
ation of the results of their manometric 
tests. 

In some tests conducted by the writer 
in an atmosphere of ioo% nitrogen, the 
rate of CO2 evolution by rice seedlings 
was slightly greater in 2.5 p.p.m. of 
2,4-D than for controls during a period 
of approximately 6 hours after initiation 
of treatment of seedlings 30 hours old. 
The' rate for seedlings treated with 2,4-D 
then decreased and was distinctly less 
than that of anaerobic controls before the 
twenty-fourth hour of treatment. 

In somewhat the same manner as do 
anaerobic environments or treatments 
with oxidase inhibitors (i, 12, 24), treat- 
ment with 2,4-D does appear to elicit the 
expression of anaerobic activity in treat- 
ed tissues in which potentials for such 
activity exist. Part of the results of re- 
ported studies on the influence of 2,4-D 
on the metabolism of energy release can 
be interpreted to indicate this effect in 
some degree. 


Summary 

1. Seedlings of wheat and mustard 
were selected when 18-24, or more, hours 
old and were treated with 2,4-dichloro- 
phenoxyacetic acid (2,4-D) concentra- 
tions up to 10 p.p.m. Manometric meas- 
urements of the rates of CO^ evolution 
and of O2 uptake were made at various 
intervals from the first through the twen- 
ty-fourth hour after treatments were ini- 
tiated. A number of tests were conducted 
in which the activities of seedlings 18-70 
hours old w^re measured after these had 
been exposed for 3 hours to 2,4-D treat- 
ments. 

2. The main responses were reduction 
in rates of CO2 evolution and of O2 up- 
take by both species at all ages. Appar- 
ent reduction of activity, generally in 
proportion to concentration of 2,4-D, 
was measured during the first hour after 
initiation of treatment, and such reduc- 
tion increased with duration of treat- 
ment, 

3. In a number of tests, especially on 
wheat the rate of CO2 evolution was de- 
creased less than the rate of O2 uptake, so 
that RQ values of treated seedlings were 
slightly higher than those of controls. 
These responses, which appeared more 
irregularly and less distinctly for mus- 
tard than for wheat and which appeared 
somewhat more frequently in earlier 
stages of development of seedlings, are 
discussed in relation to the herbicidal ef- 
fect of treatment with 2,4-D. 
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EFFECTS OF SEVERAL SULFA- COMPOUNDS ON 
NUCLEAR AND CELL DIVISION^ 
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Introduction 

Since the discovery that polyploidy 
can be produced in plants almost at the 
will of the investigator through the use of 
colchicine (2, 3, 4), considerable interest 
has developed in the possibilities thus 
opened up, and experiments with other 
chemicals have been going on. More re- 
cently Eigsti (5) reported that ^^mitotic 
irregularities” were induced in the pollen 
tubes of Tradescantia occidentalis when 
they were treated with dilute concentra- 
tions of sulfanilamide (i : 10,000). Greater 
concentrations inhibited the formation 
of the tube. Traub (9) found polyploid 
(4n) and numerous binucleate cells in 
Allium roots after 48 hours of treatment 
with sulfanilamide (0.5%). Peters (8) 
reported that it produced an extreme 
contraction of the chromosomes of Alii- 
um at metaphase and inhibited the 
spindle mechanism. He noted that after 
reaching the metaphase stage, the chro- 
mosomes reverted to an active metabolic 
condition without completing the mitotic 
cycle. The reversions occurred both be- 
fore and after the division of the centro- 
meres, resulting in the production of 
tetraploid nuclei which were observed in 
blocked metaphases as early as 8 hours 
after treatment. He also found that sul- 
fanilamide inhibited the entrance of cells 
into mitosis and that divisions rarely oc- 
curred after 48 hours of treatment. Al- 
though less effective than colchicine in 

^ This work was supported in part by a grant 
from the Dr, Wallace C. and Clara A. Abbott 
Memorial Fund of the University of Chicago. 


inducing polyploidy in Allium (8), sul- 
fanilamide has been more effective in 
some species of Vaccinium (6). 

These reports led to a reinvestigation 
of the effects of sulfanilamide on nuclear 
and cell divisions, together with the ef- 
fects of several other sulfa- compounds: 
viz., sulfadiazine, sulfaguanidine, sulfa- 
merazine, sulfapyridine, and sulfathia- 
zole. 

Material and methods 

The bases of bulbs of Allium cepa L. 
were placed in tap water in Stender jars 
in the laboratory for a period of 24-48 
hours until roots averaging approximate- 
ly an inch in length were developed. 
These roots, while still attached to the 
bulbs, were treated by immersing them 
in aqueous solutions of the sulfa- com- 
pounds. 

Preliminary tests of the effects of sul- 
fanilamide were made in solutions of 
0.125, 0.25, and 0.5% concentration by 
weight in tap water at 20® C. Because the 
greatest effects occurred in the 0.5% so- 
lution, the weaker concentrations were 
not used in the later experiments. All the 
other sulfa- compounds were used at 
0.1% concentration by weight in tap 
water because of their low solubility. 
Even this quantity was slightly above 
the saturation point of these compounds 
in water, and a slight excess of solid ma- 
terial was present in each solution. 

Treatments were started at 12:30 
F.M., and the solutions were changed 
every 24 hours. Root tips were collected 
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at intervals up to 96 hours following the 
start of the treatments. xAfter 48 hours 
some treated roots were returned to tap 
water, and collections were made from 
them 24 and 48 hours later. A few treated 
roots were also returned to tap water at 
the end of 96 hours, but, since they 
showed essentially the same responses as 
those returned to tap water after 48 
hours of treatment, this procedure was 
not repeated in later experiments. Con- 
trol bulbs were continued in tap water, 
which was also changed at 24-hour in- 
tervals. Both treated and control root 
tips were fixed in Navashin’s solution, 
handled according to the tertiary-butyl- 
alcohol method, and imbedded in paraf- 
fin. Sections cut transversely at 20 /x were 
stained with Heidenhain’s iron-alum 
hematoxylin with a counterstain of 
Orange G in clove oil. 

Results 

The first observable response following 
the immersion of the roots in the solu- 
tions of the sulfa- compounds was the 
cessation of visible elongation, and it was 
not renewed during the 96-hour period of 
treatment. The roots also became pro- 
gressively discolored with a brownish 
tinge during treatment. 

Approximately half the roots im- 
mersed in 0.5% sulfanilamide showed an 
increase in diameter in the morphological 
region of elongation within 24 hours. The 
enlargements reached a maximum size 
within 48 hours after treatment as a re- 
sult primarily of an increase in size of the 
cortical cells. Similar tumors were not 
formed following treatment with any of 
the other sulfa- compounds except for 
one bulb in which an initial swelling was 
noticed in approximately half the roots 
after 72 hours of immersion in the sulfa- 
pyridine solution. These tumors, com- 
parable to those from the sulfanilamide 


treatments, reached a maximum size at 
the end of 96 hours. On being returned 
to tap water, all the treated roots, in- 
cluding those showing tumors, resumed 
growth. The new growth was noticeably 
whiter than the darkened older portion. 

In a series of preliminary experiments 
with sulfanilamide at 0.125, a-^d 

0.5% concentration in tap water at 
20° C., the elongation of roots in the two 
lower concentrations was inhibited, but 
tumor formation did not occur. Cells 
from these roots showed late prophase 
and metaphase stages with slightly short- 
ened chromosomes and a much slower 
rate of division than in control roots. At 
0.5% concentration sulfanilamide had a 
more pronounced effect on mitosis. Pre- 
liminary examinations of roots at hourly 
intervals up to 10 hours following the 
start of treatment showed a progressive 
shortening of the chromosomes at the 
late prophase and metaphase stages up 
to 3 hours, when the maximum contrac- 
tion appeared to be reached. Because the 
changes occurred very slowly, later ex- 
aminations were made at 6, 12, 24, 48, 
72, and 96 hours after immersion in the 
solution. 

Mitosis was found to occur in a few 
cells throughout the 96-hour period of 
treatment but at such a slow rate and in 
so few cells that no visible elongation of 
the treated roots took place during this 
period. The prophase nuclei responded 
to sulfanilamide by developing unusually 
contracted and condensed chromatids. 
In early ' prophases the chromosomes 
were scattered throughout the nucleus. 
Spiralization of the chromatids could 
rarely be observed, since it was some- 
what obscured by condensed, densely 
stained material. While still in the mid- 
prophase stage, the chromosomes were 
markedly contracted (fig. i). In later 
prophases they were scattered around 
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the inner periphery of the nuclear mem- 
brane, the center of the nucleus being 
clear (fig. 2). In one series of treatments 
no prophase stages were observable at 
48 hours. This occurred under the same 
experimental conditions as in the other 
treatments but was not observed again. 


The metaphase figures containing the 
much shortened chromosomes appeared 
flat when compared with the same stages 
in the controls (figs. 3, 15). The chro- 
matids were characteristically parallel to 
each other throughout the metaphase 
and remained thus until disruption of the 


Figs. 1-18.— Figs. 1-9, ceils after treatment with 0.5% sulfanilamide: fig. i, prophase, 12 hours; fig. 2, 
late prophase with shortened chromosomes, 12 hours; fig. 3, metaphase with shortened chromosomes, 12 
lyurs; fig. 4, metaphase with disrupted spindle, 48 hours; fig, 5, early reversion stage, metaphase, 96 hours; 
fig. 6, reversion stage, metaphase, 48 hours; fig. 7, reversion stage, anaphase, 48 hours; fig. 8, metaphase, 
tetraploid, 96 hours; fig. 9, lobed nucleus from cortical cell of tumor, 96 hours. Figs. 10-14, cells treated 
with other sulfa- compounds : fig. 10, prophase, sulfathiazole, 12 hours; fig. 1 1, metaphase plate, sulfadiazine, 
6 hours; fig. 12, metaphase, side view, sulfapyridine, 96 hours; fig. 13, anaphase, sulfapyridine, 96 hours; 
fig. 14, telophase, sulfamerazine, 48 hours. Figs. 15-18, Gontrols, cells untreated: fig. 15, metaphase plate; 
fig. 16, metaphase, side view; fig. 17, anaphase; fig. 18, telophase. 
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spindle mechanism occurred. This break- 
down first became evident when the 
metaphase figure was no longer flat- 
tened. Concurrently, the chromatids 
were repelling each other strongly even 
before the division of the centromeres 
(fig. 4). The centromeres appeared to 
divide, however, before the chromo- 
somes reverted to the metabolic condi- 
tion. Reversion stages were found in ma- 
terial at 48-96 hours (figs. 5, 6), A num- 
ber of anaphases in which the spindle 
mechanism had disrupted and in which 
the chromosomes were reverting to the 
metabolic state without completion of 
the mitotic cycle were found at 48 hours 
(fig. 7). These cells may possibly have 
been in a late metaphase or anaphase 
condition at the beginning of treatment. 
Binucleate cells resulting from the failure 
of cell-plate formation were also present; 
probably these cells had been in a late 
anaphase or telophase stage when treat- 
ment was started, and the consequent 
breakdown of the spindle mechanism re- 
sulted in their development. Metaphase 
and anaphase figures with the tetraploid 
number of chromosomes were found 96 
hours following the application of sulfa- 
nilamide (fig. 8), but no other polyploidy 
was found. 

The greatly enlarged cortical cells of 
the tumors had a large central vacuole, 
but their nuclei appeared similar to those 
of the controls. A few nuclei, in the 
metabolic condition, were much larger 
and were possibly tetraploid. A few of the 
greatly enlarged cells showed lobed nu- 
clei resembling those of certain secretory 
cells or cells of maturing xylem vessels 

(fig- 9)- 

After immersion in 0.5% concentra- 
tion of sulfanilamide for 48 hours, some 
bulbs of each series were transferred to 
tap water. No tetraploidy was found in 
cells from these roots at 24 and 48 hours 
after being returned to tap water. 


Roots treated with the other sulfa- 
compounds — sulfadiazine, sulfaguani- 
dine, sulfathiazole, sulfamerazine, and 
sulfapyridine — all showed the same gen- 
eral responses. Although there was no 
visible elongation following the applica- 
tion of the compounds, all stages in the 
mitotic cycle were found at all intervals 
during treatments, but with the division 
rate markedly retarded. The prophase 
and telophase stages appeared similar to 
those in controls. The metaphase and 
anaphase figures showed shortened chro- 
mosomes, but the degree of contraction 
was less than that resulting from treat- 
ment with 0.5% sulfanilamide, although 
similar to that of chromosomes in cells 
treated with the weaker concentrations 
of sulfanilamide. The principal effect was 
the marked slowing of the rate of divi- 
sions. 

Roots of the one bulb that produced 
tumors in the sulfapyridine solution 
failed to show the cytological effects re- 
sulting from 0.5% sulfanilamide, except 
for the enlargement of the cortical cells. 
The mitotic figures were similar to those 
in roots from the other bulbs treated with 
sulfapyridine which developed no tu- 
mors. 

Discussion 

The results of this investigation con- 
firmed the previous reports (8, 9) of the 
gross effects of sulfanilamide in that 
elongation of the roots ceased and tu- 
mors were developed in the morphologi- 
cal region of elongation. In the present 
experiments tumors were never formed 
on more than half the roots of any bulb. 
No visible differences could be detected 
between the nuclei of roots that formed 
tumors and those that did not, whether 
treated or untreated, except that an oc- 
casional nucleus in the tumor showed a 
lobed outline. Tumor formation did not 
occur following treatment with the other 
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sulfa- compounds, except in one bulb 
treated with sulfapyridiiie. Enlargement 
of the cortical cells to form tumors was 
therefore probably a result of a physio- 
logical disturbance in these cells. 

i\ll the sulfa- compounds prevented 
visible elongation of roots, while those 
of the controls grew to the bottom of the 
containers during the same time inter- 
val. Mitosis occurred in some cells of all 
the treated roots, except for one series of 
treatments wnth sulfanilamide in which 
mitosis was completely blocked at 48 
hours. This agrees with the results of 
Peters (8), although complete blocking 
of mitosis was, however, not again ob- 
served in any of the four repetitions with 
sulfanilamide. 

The results with 0.5% concentrations 
of sulfanilamide were generally the same 
as those found by Peters except that the 
responses were slower than he reported. 
Reversion stages were found at 48-96 
hours after treatment began. Peters re- 
ported them as early as 3 hours after 
treatment, with blocked metaphases in 
tetraploid nuclei as early as 8 hours. 
Only after 96 hours of treatment were 
tetraploid nuclei observed in the present 
experiments. In some of these the chro- 
mosomes appeared in flattened meta- 
phase plates, although others showed ap- 
parently normal anaphase configurations 
during the time in which the roots were 
still immersed in the sulfanilamide solu- 
tion. 

According to Peters, the prophase 
stages in treated roots were similar to 
those of the controls, with the chroma- 
tids a little more distinct. In the writer’s 
material the chromatids appeared some- 
what obscured by a slight cloudiness 
around them during the early prophase 
stages and were therefore less distinct 
than in the controls. In later prophase 
stages, however, the chromatids were 
more distinct than in the controls. Dur- 
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ing the late prophase stages the chromo- 
somes may be as much shortened as they 
become in any of the metaphase stages. 
These latter stages were similar to those 
resulting from colchicine treatment, ac- 
cording to figure 4 of Berger and Wit- 
Kus (i) except that this figure showed 
no nuclear membrane. They interpreted 
this as representing a disruption of the 
spindle mechanism at metaphase, with the 
chromosomes grouped around an achro- 
matic sphere. Peters reported that, fol- 
lowing such a grouping, reversions to an 
active metabolic condition occasionally 
occurred. In the present experiments all 
the chromosomes appeared to reach the 
metaphase-plate stage before there was 
any indication of the disruption of the 
spindle. It seems probable that a break- 
down of the nuclear membrane in a late 
prophase, when the short highly con- 
densed chromosomes are arranged periph- 
erally around the clear center of the 
nucleus, would result in the appearance 
described. Thus, what Peters and 
Berger and Witkus interpreted as a 
type of disruption of the metaphase may 
instead be a late prophase in which the 
nuclear membrane had been dissolved 
and in which the chromosomes were re- 
verting to an active metabolic condition 
without first being arranged in a meta- 
phase plate. 

The marked differences in results of 
treatment with sulfanilamide (0.5% con- 
centration) and of those with the five 
other sulfa- compounds (0.1% concen- 
trations) were possibly correlated with 
the lower solubility in water of the lat- 
ter. This conclusion would be in accord 
with the findings of Ostergren and 
Levan (7), who used benzene, cyclo- 
hexane, and thiophene and various halo- 
gen derivatives of these compounds — 
monobromobenzene, monochloroben- 
zene, bromocyclohexane, dibromothio- 
phene, etc. 
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No explanation can at present be of- 
fered for the more rapid results obtained 
by Peters with 0.5% solutions of sul- 
fanilamide than the consistently slower 
effects observed during the course of this 
investigation. 

For demonstrating mitosis to the be- 
ginning student it is suggested that onion 
roots be immersed for 6 hours, before be- 
ing fixed, in a 0.1% concentration of one 
of the sulfa- compounds. Under these 
conditions all stages of the mitotic cycle 
are essentially normal except that the 
chromosomes are thicker and shorter and 
therefore less entangled. Flat metaphase 
figures are obtained in which the sixteen 
chromosomes are clearly visible and in 
which the chromatids also show more 
clearly in the late prophases than in un- 
treated material. 

Summary 

1. Onion roots approximately i inch 
long were immersed in solutions of 0.5% 
sulfanilamide and of 0.1% in tap water 
of the following sulfa- compounds: sulfa- 
diazine, sulfaguanidine, sulfamerazine, 
sulfapyridine, and sulfathiazole. These 
solutions were at or slightly above the 
maximum solubility of these compounds 
in water at 20*^ C. The solutions were 
changed every 24 hours, as were the con- 
trols in tap water. Fixations of the roots 
were made after 6, 12, 24, 48, 72, and 96 
hours of treatment. Some bulbs from 
each series were returned to tap water 
after 48 hours and others after 96 hours. 

2. There was immediate cessation of 
visible root elongation in all the treat- 
ments, but approximately half the roots 
of the bulbs treated with sulfanilamide 
developed tumors within 48 hours, owing 
to enlargement of the cortical cells in the 
region of elongation. In only one other 
treatment were such tumors formed— 
on about half the roots of one bulb im- 
mersed in sulfapyridine. 


3. In roots treated with sulfanilamide 
normal-appearing mitosis continued in a 
small number of the cells of the cortex 
and apical meristem throughout the 96- 
hours period of treatment. The duration 
of the mitotic process seemed to be ma- 
terially lengthened. Disruption of the 
spindle mechanism and delay in the sepa- 
ration of the centromeres of the chromo- 
somes were observed. As a result of the 
inhibition of the spindle mechanism, re- 
version stages occurred which resulted in 
the return of the anaphase chromosomes 
to the metabolic condition without com- 
pletion of the mitotic cycle and in the 
production of tetraploid metaphase and 
anaphase figures within 96 hours after 
application of sulfanilamide. In no case, 
however, was a tetraploid cell found in 
division after normal growth had been 
resumed in tap water. Binucleate cells, 
resulting from the failure of the forma- 
tion of the cell plate, were observed after 
48 hours of treatment. The nuclei of the 
cortical cells in the enlarged regions ap- 
peared normal in most cells, although 
some nuclei were much larger than others 
and than those of the controls. These 
large nuclei were probably tetraploid. A 
few other nuclei showed irregular, lohed 
outlines. No micronuclei were found, in 
contrast to the report of Peters. The 
only polyploidy observed was tetra- 
ploidy. 

4. Mitosis was completely blocked at 
48 hours in one series of treatments with 
sulfanilamide. In these roots no mitotic 
activity and no characteristic tumor for- 
mation occurred. 

5. The other five sulfa- compounds in- 
duced essentially the same responses in 
all the roots. Although there was no 
visible elongation, mitosis nevertheless 
continued at a slow rate throughout the 
96 hours of treatment. Even though the 
chromosomes were shorter than in the 
controls, the degree of contraction was 
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not so great as had occurred in cells 
treated with sulfanilamide. On return to 
tap w^ater all treated roots resumed nor- 
mal growth. 

6. The markedly different responses to 
sulfanilamide and to the other sulfa- 
compounds occur possibly because of the 
greater solubility in water of sulfanila- 
mide than of the others. 


The writer wishes to express appreci- 
ation to Dr. J, M. Beal and to other 
members of the Department of Botany 
at the University of Chicago for their 
advice and assistance during the course 
of this investigation. 

Department op Botany 
Rhode Island State College 
Kingston, Rhode Island 
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CONTRIBUTIONS PROM THE HULL BOTANICAL LABORATORY 594 


DANIEL P, 

Introduction 

One of the most striking effects of the 
application of substituted plienoxy com- 
pounds to plants is the induction of leaf 
modifications. Zimmerman (io, ii) has 
stressed the importance of the study of 
modifications in form induced by the 
hormone-like substituted phenoxy com- 
pounds by pointing out that protoplasm 
is capable of a variety of reactions and 
that it is desirable to investigate any 

^ This work was supported in part by a grant 
from the Dr. Wallace C. and Clara A. Abbott 
Memorial Fund of the University of Chicago. 


BURTON 

mechanism that determines which of the 
potential reactions actually shall occur. 
He also suggested that, since form is de- 
termined by cell behavior, the Substi- 
tuted phenoxy compounds and the sub- 
stances secreted by the nucleus may con- 
trol cytoplasmic activity in a similar 
fashion and hence control form, 

Foster (5) has indicated the paucity 
of data on leaf histogenesis compared 
with analogous data on stems and roots. 
Therefore, in the present experiments the 
normal growth pattern in leaves of the 
Red Kidney bean was examined as well 
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as the growth patterns induced by the 
application of growth-regulating sub- 
stances. 

Material and methods 

Red Kidney beans were planted in 
flats containing fertile loam soil and 
placed on greenhouse benches for ger- 
mination. When the primary heart- 
shaped leaves were approaching their 
mature size and the first trifoliate leaves 
were starting to emerge from the bud, the 
flats were divided into four groups. The 
plants in the first group were treated 
with 0.5% 2-chlorGphenoxyacetic acid in 
Carbowax 1500 applied to the upper sur- 
face of the blade near the bases of the pri- 
mary leaves, in amounts estimated to 
contain 40 mg. of the mixture per plant, 
or 200 7 of the acid (3). The second, 
third, and fourth groups were treated 
with 4-chlorophenoxyacetic acid in 
lanolin, 2,4-dichlorophenoxyacetic acid 
(2,4-D) in lanolin, and 2,4-dichlorophe- 
noxyacetic acid in Carbowax, respec- 
tively, in the same concentrations and in 
amounts approximating those used in the 
first group. Some plants in each flat were 
left untreated as controls. 

Collections of buds, young leaves, and 
fully developed leaves were made from 
treated plants and controls. The mate- 
rial was fixed in Navashin’s solution, 
handled according to the tertiary butyl- 
alcohol method, sectioned at 10-15 Mj 
and stained with Kraus’s modification of 
Fleming’s triple stain. 

Three sets of beans were planted at 
Chicago. The first set was planted on 
March 27, 1946, treated on April 6, and 
leaves and buds were collected on May 9. 
The second set was planted on April n 
and treated on April 22. At the time of 
treatment of this set, temperatures in 
the greenhouse were unseasonably high, 
and so many of the plants died that no 


collections were made. A third set was 
planted on May 21, treated on June i , 
and collections were made on June 22. 
A fourth set, planted at State College, 
Mississippi, on March 26, 1947, was 
treated only with 2,4-D in lanolin and in 
Carbowax, on April 8; collections were 
made on April 29. 

Observations 

Development and appearance of 
NORMAL trifoliate LEAVES. — ^The in- 
ternal tissues of the lamina of a normal 
leaflet originate by the activity of sub- 
epidermal marginal meristems which are 
found on the lateral edges of the em- 
bryonic midrib nearer the adaxial surface 
(fig. 2A). Divisions of cells of these 
meristems give rise to four layers of cells 
between the upper and lower epidermis 
(fig. 2jB). These layers plus the upper and 
lower epidermis constitute the plate 
meristem. The cells of the adaxial layer 
of interna] tissue are larger than those of 
the other internal layers. Since the six 
cell layers in the lamina of the embryonic 
leaflet are still present in the lamina of a 
leaflet just prior to the development of 
intercellular spaces, all division of cells in 
the plate meristem, except divisions in- 
volving veins, must produce daughter 
cells in the plane of the plate meristem. 

Initial cell divisions in the develop- 
ment of veins of the minor vascular net- 
work produce daughter cells vertical to 
the plane of the plate meristem. Such di- 
visions occur in a single row of cells in the 
layer immediately beneath the layer of 
enlarged cells. In cross section, this row 
appears as a single cell. Figure 2C, illus- 
trating a section cut obliquely to the row, 
shows a cell in which one such division 
has occurred, giving rise to the first two 
cells of the veinlet. To the right of these 
cells there were two divisions, producing 
three cells. Figure 2D shows a later stage 



Fig. I.™ Trifoliate leaves from control (.4) and treated plants (B-H). Plants treated with {B) 2,4-D ir 
Carbowax 1500; reduced size and increased prominence of veins compared with control; (C) 2,4-D in iknolin 
effects similar to B; (D) 2-chlorophenoxyacetic acid; leaflets reduced and prominent veins similar to C, 
(E) 4-chlorophenoxyacetic acid; narrow straplike leaflets ultimately produced; {F, G, 2,4-D in lanolin. 
leaves taken in succession to illustrate limitation in size of later leaves. 
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in the formation of smaller veins. An 
adjacent cell of the same layer has di- 
vided, as have several cells in the next 
lower layer. 

xA section through the same leaflet as 
that shown in figures 2A and 2B is illus- 
trated in figure 2E. xAlthough the tissues 
at the level of figures 2A and 2B were 
embryonic, those at the tip of the leaflet 
were mature, thus demonstrating that 


maturation begins at the tip. When fully 
expanded, the leaflet has a single layer of 
palisade parenchyma beneath the upper 
epidermis (fig. 3A), derived from the 
upper internal layer of enlarged cells il- 
lustrated in figures 2A, B, C, and D. The 
spongy mesophyll is derived from the 
other three internal layers (fig. 3A). 

The vascular elements of the midrib 
(%• 3 ^) and the largest veins are sur- 
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rounded by an extensive parenchymatous 
bundle sheath which contains no chloro- 
plasts. Smaller veins have a less extensive 
sheath, and in the smallest veins the 
sheath is only a single layer of parenchy- 
matous cells often containing chloro- 
plasts- 

The mature leaf is trifoliate. The 
lamina of a leaflet is marked by a net- 
work of fine anastamosing veins (fig. 
lA): A stipule subtends each of the lat- 
eral leaflets, with an additional pair be- 
neath the terminal leaflet. Stipules per- 
sisted in the normal position in treated 
plants. 

Gross eeeects oe treatments. — 
Little or no epinasty or stem curvature 
occurred in plants treated with 2-chloro- 
phenoxyacetic acid. At first the growth 
of these plants was comparable with that 
of controls, and the first few trifoliate 
leaves were essentially normal. Leaves 
produced later were smaller and had 
darker green leaflets with light-colored 
veins which, though less numerous, were 
more prominent than the veins of con- 
trols (fig.iD). 

The plants to which 4-chlorophenoxy- 
acetic acid was applied showed pro- 
nounced epinasty and stem curvature in 
a few hours. Curvature frequently turned 
the stem through so that it ap- 

peared to have reversed from negative to 
positive geotropism. In the second lot, 
treated during a period of high tempera- 
tures, 80% of the plants were dead in 17 
days. If a plant was not killed, its tip 
eventually resumed an upright growth 
pattern; by this return to the normal 
orientation an S-Gurve was produced in 
the h3q)ocotyl and first internode. The 
first trifoliate leaf produced on a partly 
recovered stem was similar in appearance 
to the modified leaves produced on plants 
treated with 2-chlorophenoxyacetic acid. 
This leaf was just starting to emerge 


from the bud at the time of treatment. 
Similar but smaller leaves w^ere some- 
times developed subsequently, but most 
leaves formed later were narrow and 
straplike (fig. lE). In such leaves the 
unpigmented midrib was wider than that 
of normal leaflets and often composed 
four-fifths of the total width of such 
anomalous structures. No other venation 
was apparent. The margins of the strap- 
like leaflets were rolled and green. 

Until leaves began to develop, the be- 
havior of plants treated with 2,4-D, in 
either carrier, was similar to that of 
plants treated with 4-chlorophenoxy- 
acetic acid. Epinasty and stem curvature 
occurred more rapidly and sometimes 
more severely in plants treated with 
2,4-D than with either of th^ other two 
acids. All plants in the second lot to 
which 2,4-D had been applied in lanolin 
died within 17 days. When Carbowax 
was the carrier, most of the plants were 
alive after 17 days, but there were so few 
signs of recovery that all were discarded. 

In those lots in which plants treated 
with 2,4-D showed partial recovery, the 
first few leaves produced resembled the 
modified leaves on plants treated with 
2-chlorophenoxyacetic acid (figs. i 5 , C). 
Leaves produced later were even smaller 
than earlier leaves on the same plant 
(figs. lE, G, H). The most extremely 
modified leaves had midribs and veins 
fasciated into a wide band of unpig- 
mented tissue, although the margins and 
occasional islets in the fasciated bands 
were green. 

Histological responses. — ^The mod- 
ified leaves of plants treated with 2- 
chlorophenoxyacetic acid developed 
much like those of controls until the 
stage at which intercellular spaces nor- 
mally would have appeared. Expansion 
of chlorenchymatous layers then ceased, 
and no intercellular spaces were formed 
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in either the palisade or spongy meso- 
phyll (fig. 4/I). Since the cells of these 
tissues contained chloroplasts, there was 
a greater amount of green pigment in a 
given volume of the leaflet than in a like 
volume of a normal leaflet containing in- 
tercellular spaces. There was no histolog- 
ical evidence of changes in the midrib or 
major veins (fig. so that the in- 

creased prominence of these veins in 
gross aspect was probably a result of con- 
trast with the darker green mesopbyll. 
The darker color of the latter probably 
helped to obscure the minor veins, since 
they were not surrounded by an unpig- 
mented parenchyma extending from the 
lower to the upper epidermis. 

Laminae of leaflets from plants treated 
with 2 j 4-D developed internal structures 
by the activity of marginal meristems 
similar to the marginal meristems of con- 
trols (fig. 5^4). These meristems laid 
down four internal layers of plate meri- 
stem (fig. $B) similar to the correspond- 
ing layers in the controls. Thus, the six 
layers of plate meristem described for the 
embryonic leaves of controls were pres- 
ent in the embryonic leaves of treated 
plants. 

As in the controls, maturation of tis- 
sues began at the tip of a leaflet. Pdgure 
4S shows a cross section through the ma- 
ture tissues at the tip of the same leaflet 
which had embryonic tissue at the level 
shown in figures 5A and ^B. The tissues 
of mature laminae of the earliest-formed 
leaflets of plants treated with 2,4-D re- 
sembled closely the comparable tissues 
from leaflets of plants treated with 2- 
chlorophenoxyacetic acid. In the later- 
formed leaves of plants treated with 
2,4-D, fasciation of the veins was exten- 
sive. The vascular elements were dis- 
crete, but the unpigmented parenchyma 
surrounding the vascular elements of the 
midrib and major veins was continuous 
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through much of the width of the leaflet. 
Chlorenchymatous tissue was confined to 
the margins and occasional islets sur- 
rounded by fasciated veins. There were 
no intercellular spaces in the chloren- 
chyma. Figure 5C shows a cross section 
from an extreme example of the smaller 
leaflets. 

In the narrow, straplike leaflets of 
plants treated wnth 4-chlorophenoxy- 
acetic acid, fasciation of the veins was 



Fig. 4. — Section through (.4) lamina of leaflet 
of plant treated with 2-chiorophenoxyacetic acid, 
illustrating failure to develop intercellular spaces; 
{B) tip of embryonic leaflet from plant treated 
with 2 j 4-D5 illustrating maturity of tissue. 





Miuwii in ng. 4jf3, Siiowing (A) origin 

al and plate meristems. C, cross section through extremely modified i 

fasaation of veins and chlorenchymatous tissue as da 
islets between veins. 
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complete (lig. 6). Parenchyma surround- 
ing the midrib and major veins was con- 
tinuous from the upper to the lower epi- 
dermis. The parenchyma cells of the ma- 
jor veins contained no chlorophyll so 
that chlorenchymatous tissue was con- 
fined to a narrow margin of the leaflet. 
The vascular elements remained discrete 
and appeared as separate bundles im- 
bedded in the parenchyma. Parenchyma 
cells farthest from the vascular elements 
were largest and those adjacent to the 
vascular elements were smallest. The 
vascular elements and the small paren- 
chyma cells surrounding them formed a 


plate within the larger plate of paren- 
chyma. At the extreme margin were a 
few chlorenchymatous cells that usually 
were confined to the layer corresponding 
to palisade in normal leaves. 

Discussion 

The gross responses observed in 
treated bean plants were similar to those 
previously reported, Swanson (9) 
sprayed Red Kidney bean plants with 
2 j 4-D and noticed epinasty and stem 
curvature in a few hours. The plants he 
observed also produced tiny leaves. Beal 
(2, 3, 4) treated sweet pea, African mari- 


Ftg. 6.— Cross section through narrow, rolled leaflet ultimately produced by plants treated with 4-chloro- 
phenoxyacetic acid. Veins are fasciated, and vascular elements and small parenchyma cells surrounding 
them appear as darkly stained region across larger parenchyma region. Chlorenchyma confined to margin. 
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gold^ and Red Kidney bean plants with 
substituted cliiorophenoxy and other 
compounds. His experiments demon- 
strated that responses to treatment with 
2-chlorophenoxyacetic acid applied in 
Carbowax were greater than when ap- 
plied in lanolin. Conversely, 4-chlorophe- 
noxyacetic acid applied in lanolin pro- 
duced a marked response, although the 
same compound applied in Carbowax 
was ineffective. As in the present experi- 
ments, responses to 2,4-D were nearly 
indifferent to the carrier used. 

Marth and Davis (6) showed that 
temperature is of significance in the in- 
duction of responses to 2,4-D. If temper- 
atures were too high, killing commonly 
resulted. In the present experiments con- 
centrations of 0.5% of acid in the carrier 
were found to induce changes in the 
growth pattern at ordinary spring tem- 
peratures in a greenhouse. This concen- 
tration of 2,4-D and of 4-chlorophenoxy- 
acetic acid was lethal at higher tempera- 
tures. 

Zimmerman and Hitchcock (12) re- 
ported formative effects of several 
phenoxy compounds on tobacco, tomato, 
and other plants. Some of their figures in- 
dicate progressive modification of leaves 
of plants treated with 4-chlorophenoxy- 
acetic acid. The comparative stage of de- 
velopment of these leaves at the time of 
treatment is not clear. In the present 
study and in the experiments of Beal 
(3), if the first trifoliate leaf was starting 
to emerge from the bud at the time of 
treatment with 4-chlorophenoxyacetic 
acid, its mature leaflets resembled the 
modified leaflets of plants treated with 
2-chlorophenoxyacetic acid. Second and 
third trifoliate leaves, although usually 
similar in appearance, were much smaller. 
Subsequent leaves were almost uniform 
in size and had a narrow straplike form 


(fig. lE) , These later leaves were present 
only as primordia or perhaps were not 
yet differentiated at the time of treat- 
ment. This suggests that, if leaves are 
young enough, a uniform response to 
treatment with 4-chlorophenoxyacetic 
acid might occur. There was a suggestion 
of eventual uniformity of response in 
Zimmerman and Hitchcock’s report of 
successive whorls of fasciated leaves of 
tobacco treated with 4-chlorophenoxy- 
acetic acid. 

Modification in response to applica- 
tions of 2,4-D produced a gradation in 
size that extended to leaves not yet ap- 
parent in the buds at the time of treat- 
ment. On the basis of the present experi- 
ments, it could not be determined 
whether the reduction in size of leaves 
developed following the application of 
2-chlorophenoxyacetic acid was similarly 
progressive or whether the size gradation 
was a consequence of the relative im- 
maturity of the later-formed leaves at 
the end of the experiments. 

The development of the lamina of the 
untreated Red Kidney bean leaflet is in 
many respects similar to that observed 
in tobacco by Avery (i). The subepi- 
dermal, marginal meristem in both 
plants gives rise to four layers within the 
epidermis. These layers remain four in 
the bean but become five in tobacco by 
division of one of the two inner layers. 
In both plants the adaxial of these four 
internal layers become palisade paren- 
chyma, while the other three internal 
layers (four in tobacco) differentiate into 
spongy mesophyll. Subsequent to the 
formation of the four layers of plate 
meristems in bean leaflets and the five 
layers in tobacco leaves, all cell divisions 
produced new cells in the plane of the 
plate meristems, except those involving 
vein formation. The divisions in this 
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plane led Schuepp (7) to term these 
layers “Plattenmeristeni.'’ Smith . (8) 
showed that the constancy in the num- 
ber of layers, and hence extension of the 
lamina by growth of plate meristem, is of 
regular occurrence in embryonic leaves 
with the exception of certain sun leaves. 

Veins of the minor vascular network in 
bean leaflets originate in the second 
layer beneath the adaxial epidermis. 
Avery (i) stated that this is the usual 
mode of origin in tobacco. Foster (5), in 
his summary, showed diagrams indicat- 
ing that veins usually originate in the 
layer immediately beneath the em- 
bryonic palisade or palisades. 

According to Avery (i), the develop- 
ment of intercellular spaces in mesophyll 
is a result of continued cell enlargement 
in the epidermis after cell division and 
enlargement in the mesophyll have 
ceased. The compounds used in the pres- 
ent experiments inhibited the formation 
of intercellular spaces. This possibly in- 
dicated that the epidermal cells of the 
laminae of bean plants treated with sub- 
stituted phenoxy compounds failed to 
enlarge. There is also the possibility that 
lysis of the middle lamellae of mesophyll 
cells failed to occur. This would render 
epidermal cell enlargement ineffective in 
producing intercellular spaces. Since the 
mesophyll cells then would not separate, 
the epidermal cells would be forced to 
increase their volume by periclinal ex- 
pansion. 

The narrow leaflets of plants treated 
with 4-chlorophenoxyacetic acid indi- 
cated supression of the activity of the 
plate meristem. The resulting approxi- 
mation of veins resulted in fasciation. 
The parenchyma surrounding the veins 
became continuous although the vascular 
elements remained discrete. The laminae 
of leaflets from plants treated with 2,4-D 


exhibited an internal structure in the 
earlier leaves similar to that induced by 
2-chlorophenoxyacetic acid. The grada- 
tion from this form to leaflets resembling 
those from plants treated with 4-chloro- 
phenoxyacetic acid has been noted. This 
indicated a progressive inhibition of cell 
division in the plate meristem, for the 
laminal meristem was present and func- 
tional. 

Summary 

1 . A bean leaflet develops a lamina by 
the activity of a subepidermal marginal 
meristem, which produces four internal 
layers of plate meristem. The adaxial of 
these layers develops into the palisade 
layer; the other three produce the spongy 
mesophyll. 

2. Veins of the minor network are initi- 
ated by divisions of a row of cells in the 
layer beneath the embryonic palisade. 
Additional cells and additional layers 
become involved. 

3. Treatment of young plants with 
0.5% concentration of 2-chlorophenoxy- 
acetic acid in Carbowax inhibited the for- 
mation of intercellular spaces in the 
mesophyll of bean leaflets. 

4. Similar application of 0.5% 4- 
chlorophenoxyace tic acid in lanolin in- 
hibited the activity of plate meristem in 
the laminae of bean leaflets. As a result, 
veins were approximate and their paren- 
chyma became continuous although the 
vascular elements remained discrete, 
Chlorenchymatous tissue was confined 
to the margin. 

5. Similar treatment with 0.5% con- 
centrations of 2,4-dichlorophenoxyacetic 
acid, in either lanolin or Carbowax as the 
carrier, induced progressive modification 
of bean leaves. The earliest leaves were 
similar to those induced by treatment 
with 2-chlorophenoxyacetic acid. Tn later 
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leaves the external form and interna] 
structure resembled that found in leaflets 
of plants treated with 4-chlorophenoxy- 
acetic acid. 

The writer wishes to express, his appre- 
ciation of the advice and encouragement 


tendered by Dr. John M. Beal and 
other members of the Department of 
Botany of the University of Chicago in 
the course of this work. 
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Mississippi State College 
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COMPARATIVE HERBICIDAL VALUE OF 2 , 4 -DICHLOROPHENOXY- 
ACETIC ACID. AND 2 , 4 , 5 -TRICHLOROPHENOXYACETIC ACID ON 
SOME HERBACEOUS WEEDS, SHRUBS, AND TREES UNDER HAWAI- 
IAN CONDITIONS' 


R. K 

Introduction 

The use of 2,4-dichlorophenoxyacetic 
acid (2,4-D) as a herbicide has been 
emphasized in nearly all investigations 
since the early reports of Marth and 
Mitchell (7) and Hamner and TuKEy 
(3), although the possible use of 2,4,5- 

^ Published with the approval of the Director as 
Miscellaneous paper no. 45 of the Pineapple Re- 
search Institute. 


TAM 

trichlorophenoxyacetic acid (2,4,5-T) for 
similar purposes was recognized by 
Hamner and Tukey (2). With the kid- 
ney bean and soybean plants, Swanson 
(8) showed that 2,4,5-T and most of its 
derivatives, carried in oil, produced a 
greater inhibitory effect, in general, than 
2,4-D. Another instance of the greater 
toxicity of 2,4,5-T and of other com- 
pounds with the 2,4,5-trichlorophenoxy- 
configuration was observed by Ennis ei 







1947] 


TAM— 2,4-D AND 2,4,5,-T 


■^95 


al. (i) when tested on the Irish potato 
in both water and oil solutions. 

In the last 2 years both 2,4-D and 
2,4,5“T have been sprayed on many 
herbaceous weeds, shrubs, and trees 
growing under warm humid Hawaiian 
conditions. The investigations of van 
OvERBEEK and Velez (9) and of van 
OvERBEEK et al. (10) with 2,4~D under 
somewhat similar conditions are recog- 
nized. It is the purpose of this report to 
indicate the. responses of some of these 
plants to 2,4-D and to point out several 
species of plants in which better kills 
resulted with 2,4, 5 -T. 

Material and methods 

Preliminary tests confirmed the obser- 
vations of Hamner and Tukey (4) that, 
although solutions of 500 and 1000 p.p.m. 
of the compounds were acceptable for 
herbicidal use on some species of her- 
baceous weeds, higher concentrations 
(2000-5000 p.p.m.) were desirable for 
woody plants. For all the tests reported 
here, the acid forms of 2,4-D and 2,4,5-T 
were used, while conversion to the 
sodium and ammonium forms was often 
necessary to increase their solubility in 
water. 

When aqueous solutions of 1000 p.p.m. 
or less were made up, Carbowax 1500 was 
used as the carrier. Solutions of 2000- 
10,000 p.p.m. were prepared by forming 
the sodium salt, using an equal amount 
of sodium bicarbonate; ammonium car- 
bonate was used to form the ammonium 
salt. Wetting was enhanced by adding 
water-soluble Standard Wetting Agent 
(a sodium sulfonated aromatic prepared 
by the Standard Oil Company of Cali- 
fornia) at the rate of 2 lb./ 100 gal. dilute 
spray. 

Diesel oil (Pacific Standard 200) solu- 
tions of 1000-20,000 p.p.m. (2.0%) of 
both 2,4-D and 2,4,5-T were prepared by 


dissolving the acids in diethylene dioxide 
(1,4 Dioxane-practical) and by adding 
diesel oil up to 80% of the final solution. 
2,4-D for testing was supplied by the 
American Chemical Paint Company, the 
Dow Chemical Company, and E. J. 
Kraus. 2,4,5-T was obtained from J. W. 
Mitchell, the American Chemical Paint 
Company, and the Dow Chemical Com- 
pany. Maximum solubilities of samples 
of the same chemical obtained from the 
different sources have proved not to be 
equal under all conditions. Each sample 
was used only when complete solubility 
provided the desired concentration. 
Whenever possible, solutions were made 
up and used the same day. 

Under Hawaiian conditions, a daily 
range in temperature from a minimum of 
70° F. to a maximum of 85° F. occurs 
during a large percentage of the days in 
the year. There are few days in which 
temperatures range from 60^ to 70° F., 
and this range is usually conffned to 
locations of higher altitude. Prolonged 
periods of this range are rare. Suitable 
temperatures for the activity of the 
chemicals used are usually encountered 
the year round, being above the 50*^- 
60° F. range in which retardation of kill 
has been shown to occur (6). 

Rainfall under these subtropical con- 
ditions is a greater problem in the use of 
the herbicides. Heavy dew and some 
rainfall (especially in the upland areas) 
prevail for many nights and days from 
October to April. It was noted in several 
early tests that response to treatment 
was limited when light showers fell 6-24 
hours after application. In one instance 
total lack of response occurred when a 
moderate rain fell within 2 hours after 
applying the chemicals. A prolonged 
period of high humidity for several weeks 
after treatment with 2,4-D and 2,4,5-T 
has resulted, in one case, in heavy forma- 


196 


BOTANICAL GAZETTE 


[DECEMBER 


tion of aerial roots on stems of several 
species of mature weeds. Despite severe 
twisting and swelling of stems, complete 
kill under these conditions was not ob- 
tained. Spraying of 2,4-D or 2,4,5-T in 
oil under these moist conditions, as sug- 
gested by Weaver et al. (n), may 
render their action more effective. 

Results 

Herbaceous and semiwoody weeds. 
—Weeds growing under natural condi- 
tions in the field were sprayed with 1000 


p.p.m. of 2,4-D and the same concentra- 
tion of 2,4,5-T. Volume of spray applied 
was 160 gal./acre. Weather following 
spraying was dry for at least 24 hours, 
and during the period of study the mean 
daily temperature averaged above 70° F. 
Total damage, as estimated from desicca- 
tion and defoliation of several plants, 
was reported as mean percentage kill 
(table i). 

Groups A and B in table i include a 
large percentage of the total population 
of common herbaceous and semiwoody 


TABLE 1 


Perctntage kill of herbaceous and semiwoody weeds, found in Hawaiian 

PINEAPPLE FIELDS, 6 WEEKS AFTER SPR.AYING WITH AQUEOUS 
SOLUTIONS (looo P.P.M.) OF 2,4-D AND 2,4,S-T 


Species 


A. Specks equally Greeted hy 2,4-D a'fid 2,4, xT: 

Balsam apple (Momordica balsamina L.) 

Field bindweed (Convolvulus arvensis L.) 

Kikania, cocklebur (Xanthium pennsylvanicum Wallr.) . 

Castor bean (Ricinus communis L.) 

Hialoa (Waltheria americana L.) !!!!!!!!!!!! 

Wild indigo (Indigofera suffruticosa 

Nettle-leaved goosefoot (Chenopodium murale L.) 

Asiatic pennywort (Centella asiatica [L.] Urban) 

Spanish needles (Bidens pilosa L.) 

Horseweed (Erigeron albidus [Willd.’] Gray) 

Purslane (Portulaca oleracea L.) 

Richardsonia (Richardsonia scabra [L.] St. Flil.j /. . 

B. Species more afected hy 2,4-D than by 2,4,5-T' 

Swine’s-cress (Senebiera didyma Persoon) 

Cheese weed (Malva rotundifolia L.) ' ’ ‘ ' ‘ ' ‘ 

False mallow (Malvastrum coromandelianum [L.j Garcke) ’ 

Ihma (Sida failax Walp.) 

False ragweed (Franseria strigulosa Rydb ) 

Lamb’s-quarters (Chenopodium album L.) 

Red pualele, Flora’s-paintbrush (Emilia sonchifolia DC) ! ’ 

Nutgrass (Cyperus rotundus L.) 

Honohono (Commelina nudiflora L.j 

C. Species more ajfected by 2,4,5-T than by 2,4-D: 

Popolo (Solanum nodiflorum Jacq.) , .... , 

Hilahila, sensitive plant (Mimosa pudica L.j 

Wood sorrel (Oxalis martiana Zucc.) 

PhylJanthus weed (Phyllanthus niruri L.j 

Christmas berry (Schinus terebinthifolius Raddij 

D. Species not killed by either 2,4-D or 2,4,5-T: 

Jimson w^eed (Datura stramonium L.) ’ 

Ageratum (Ageratum conyzoides L.) 


May require two or more treatments to effect control, owing to formation of 
t Young plants (3-6 in. tall). 


2, 4-D 

2, 4, 5-T 

100 

100 

100* 
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broad-leaved weeds found in pineapple grass {Cypems rokmdtis)^ new shoots 
fields and wayside places. For the control appeared more rapidly and in greater 
of species listed in these two groups, it number with 2,4,5-T than 2,4-D. In 
does not seem advantageous to use special tests it was found that repeated 
2,4, s-T, since 2,4-D proved either equally sprayings, preferably with a 5000-p.p.m. 
or more toxic (fig. i). Following treat- aqueous solution, were necessary for re- 
meiit of areas heavily infested with nut- ducing the population of this weed in in- 


Fig. I.— Greater toxicity of 2,4-D i^upper) than of 2,4,5-T {center)) applied as aqueous sprays (1000 
p.p.ra.) 6 weeks earlier. Lower, untreated. Left, Franseria strigulosa; right, Sida fallax. 
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fested areas. Oil solutions of 2,4~D centration of looo p.p.m. Of these, 
rapidly scorched plants, but new stands popolo (fig. 2) and Christmas berry were 
were quickly formed. shown, in several subsequent tests using 

Group C contains five species of weeds higher concentrations of the chemicals, 
which appeared to be more affected by to be killed by 2,4,5~T while being iin- 
2,4, 5~T than 2,4-D when plants were usually resistant to the activity of 2, 4-D. 
sprayed with these chemicals at a con- In this first test, the Christmas berry 


Fig. 2. — Greater toxicity of 2J455-T (center) than of 2,4-D (upper); applied as aqueous sprays (1000 
p.p.m.) 6 weeks earlier. Lower, untreated. Left, Eucalyptus citriodora; right, Solanum nodijlorum. 
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plants were seedlings about 6 inches tall; 
the high toxicity of 2,4, 5-T to this species 
was also indicated in other tests with 
mature trees 10-15 tall in which one 
spraying often resulted in complete kill. 
Plants in group D were not killed by 
either 2, 4-D or 2,4, 5-T. 

Shrubs AND XREES.—There are sev- 
eral species of shrubs and trees which 
infest valuable pasture land, and the 
extermination of some of these is highly 
desirable. Among the most serious and 
widespread are guava and lantana. 

2.4.5- T was more toxic than 2,4-D to all 
species of woody shrubs and trees tested, 
with the exception of guava (table 2). 
Lantana was not greatly affected by 
looo-p.p.m. solutions of 2,4-D and 

2.4.5- T, although 2,4,5-T rated higher 
than 2,4-D. This was confirmed in later 
tests using stronger concentrations. The 
resistance of popolo to 2,4-D, as reported 
in table i, was also noted in this test. 
Eucalyptus citriodora (fig. 2), when young 
was killed readily by 1000 p.p.m. of 

2.4.5- T, while the same concentration of 
2,4-D proved comparatively innocuous. 
The striking selectivity was further 
demonstrated in mature trees, 40-50 feet 
tall, which had been completely girdled 
3 feet above the ground and painted on 
the wounds with 15% solutions of the 
chemicals in Carbowax 1500. When 

2.4.5- T was applied, complete kill re- 
sulted, with 100% desiccation of foliage 
in about 6 months. In 2,4-D treated 
trees and in girdled but untreated trees 
excessive gum exudation followed with 
no visible systemic injury to the trees 
even after 20 months. In the case of false 
koa, new growth following complete de- 
foliation was rapid; this is fortunate, 
since this plant is considered valuable as 
forage. The algaroba or kiawe (fig. 3) re- 
sponded to both compounds, with 
2,4, s-T slightly more toxic. 


A later test was installed to check the 
toxicity of 2,4,5-T, including other 
woody pests not previously tested. An 
area of about i acre was sprayed with 
an aqueous solution of 2000 p.p.m. of 
2,4 jS-T. The high toxicity of this com- 
pound to the shrubs and trees listed in 
table 3 was undoubtedly influenced 
partially by continued warm and dry 
weather during this test. With the excep- 
tion of pluchea, complete desiccation of 
nearly all the plants in the test area was 

TABLE 2 

Percentage toxicity to some shrubs and 

TREES OF AQUEOUS SOLUTIONS (looo P.P.M.) 

OF 2 , 4 -D and 2,4, 5 -T, 6 WEEKS AFTER 

SPRAYING 


Species 

2,4-D 

2, 4, s-T 

Guava (Psidium guajava L.) 

Lantana (Lantana camara L.) 

95 * 

25* 

90* 

25* 

95 

75 * 

25 

9 °: 

50* 

100* 

False ironwood (Casuarina equiseti- 
folia L.) 

Eucalyptus (Eucalyptus citriodora 
Hooker) 

100 

xXlgaroba, kiawe (Prosopis chilensis 
[Molina] Stuntz) 

100 

False koa (Leucaena glauca [L.] 
Benth.) 

100’^ 

Popolo (Solanum nodiflorum) 

100 


* Requires two or more sprayings, since new shoots appeared 
2-3 months after first application. 


evidenced. Subsequent formation of new 
shoots in some isolated instances, in 
which coverage by spraying was possibly 
incomplete, would have necessitated 
only a limited amount of spot spraying 
for complete control. 

Recovery was noted to be more con- 
sistent and more rapid in lantana. This 
species may require even more concen- 
trated solutions of 2,4,5-T for complete 
control with a single application. De- 
foliation following treatment was 100% 
in this species; it was noted, in all tests 
conducted to date, that regeneration is 
most likely in those species in which de- 
foliation takes place in response to treat- 
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Fig. 3. — Toxicity of 2,4, s-T to {upper left) Prosopis chilensis and {upper right) Eugenia jambohna, applied 
as aqueous spray (2000 p.p.m.) 12 and 6 weeks earlier, respectively. Lower left, same Prosopis hdoxQ spray- 
ing; untreated EMgew. 






1947] 


TAM— 2,4-D AND 2,4,5,-T 


201 


tratioiis. Use of these chemicals in high 
percentage and low volumes may find 
practical application on these and other 
resistant plants. 

Pineapples. — The possibility of using 
such herbicides for weed control in fields 
of growing pineapples was investigated 
(table 5). When sprayed at the rate of 
160 gal./acrCj concentrations of 2,4-D 
up to 10,000 p.p.m. did not completely 
kill S-month-old pineapple plants. With 
both sodium and ammonium salts of 
2,4-D, a maximum toxicity of 95% was 
indicated at the highest concentration. 
Formation of new ground suckers proved 
that, with some plants, portions of the 
stem below the soil surface were not 
killed. In contrast to the low toxicity of 
both sodium and ammonium 2,4-D at 
2000 p.p.m., 2,4, 5-T in the same con- 
centration was at least 95% toxic. Use 
of solutions of 5000 and 10,000 p.p.m. of 
2,4, 5-T resulted in 100% kill. The in- 
ability of the plants treated with 2,4, 5-T 
to form new ground suckers indicated 


40% toxicity, as in the case of 2000 
p.p.m. of 2,4-D, precludes the use of this 
t3=pe of weed-killer as a spray in pine- 
apple fields. 

Discussion 

In tests which compared the effects of 
2,4-D and 2,4,5-T on plants growing in a 

TABLE 3 


Percentage desiccation and defoliation 

OF SHRUBS AND TREES 6 WEEKS AFTER 
SPRAYING WITH 2,4,5-T (2000 P.P.M.) 


Species 

Desic- 

cation 

Defo- 

liation 

Christmas berry (Schinus terebinthi- 
folius) 

100* 

0 

Java plum (Eugenia jambolana La- 
marck) 

1 00’‘‘ 

50 

100 

Lantana (Lantana camara) 

100* 

Pluchea (Pluchea odorata [L.] Cass.) 


50 

75 

Castor bean (Ricinus communis). . . 

100 

Cat’s-claw (Caesalpinia sepiaria 
Roxb.) 

lOO"** 

100 

Eucal 3 T>tus (Eucalyptus citriodora) . 

100 

0 

False ironwood (Casiiarina equiseti- 
folia) ' 

100* 

0 




* May require two or more sprayings, since in some cases 
with large plants new shoots appeared 2 or 3 months after first 
application. 


TABLE 4 

Percentage kux of species of shrubs and trees 12 weeks after 

APPLICATION OF 2.0% 2,4-D AND 2,4,5-T IN 20% DiOXANE 
AND 80% DIESEL OIL 


Species 

2 , 4 - 1 -) 

2 , 4 , S-T 

Diesel oil 
control 

Guava (Psidium guajava) 

100 

100 

25* 

Lantana (Lantana camara) 

95* 

100 

25* 

Eucalyptus (Eucalyptus citriodora) 

100 

100 

10* 

False ironwood (Casuarina equisetifolia) . ...... 

100 ! 

100 

75 * 

Wild indigo (Indigofera suffructicosa)t 

100 

100 



'‘‘ New shoots appeared. t Mature plants 3-4 ft. tall. 


semitropical region, results indicated 
that with some species better kills were 
obtained with 2,4,5-T than with 2,4-D. 
These were, in general, plants classified 
as shrubs and trees. With the more 
susceptible, small, common herbaceous 
weeds of lawn and field, 2,4-D was either 
more effective, or, as in most cases, little 


that not only were the parts of the plant 
above the ground destroyed but also 
that the portions of stem below the 
ground were rendered incapable of regen- 
eration. On the basis of these results, 
2,4,5-T in low concentration appeared 
to be approximately twice as toxic to 
pineapples as 2,4-D. However, even a 
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difference was found between it and 

2,4,S-T. 

Eucalyptus citriodora is an outstanding 
example of a species to which 2,4, 5-T is 
more toxic than 2,4-D. When it was 
sprayed with aqueous solutions at looo- 
2000 p.p.m,, it was little damaged by 
24 “Dj whereas 2,4 jS-T gave complete 
kills with only one spraying on plants 5- 
10 feet tall. This differential toxicity 
was further demonstrated when trees 
40-50 feet tall were girdled and concen- 


especially on the woody types which are 
hard to kill, would furnish valuable in- 
formation on its possible use as a supple- 
ment to 2,4-D in a general weed-control 
program. The use of 2,4 j 5-T in oil seems 
advantageous, since high concentration 
is possible, and, coupled with high or low 
pressures and special nozzles (5), at- 
omization makes it possible to spray 
large trees with small volumes per acre. 
The greater inhibitory effect per unit of 
2,4, 5-T or its derivatives (8) in oil, plus 


TABLE 5 

Toxicity to 8-month-old pineapple plants of sodium 2,4-D, am- 
monium 2,4-D, and ammonium 2,4,5-T IN AQUEOUS SOLUTION, SPRAYED 
at rate of 160 GAL./ACRE. READINGS 3 MONTHS AFTER APPLICATION 


Treatment 

Chemical 

Concentration 

Toxicity 

Ground suckers 

(no.) 


(p.p.m.) 

(%) 

(no.) 

I 

Sodium 2,4-D 

2,000 

40 


2 

Sodium 2,4-D 

,000 

75 


3 

Sodium 2,4-D 

10,000 

95 

2 

4 

; Ammonium 2,4-D 

; 2 , 000 




Ammonium 2,4-D 

5 , 000 

0 0 


6 . . 

Ammonium 2,4-D 

10,000 

1 D 

95 

5 

7 

Ammonium 2,4,5-T 

2 , 000 

95 

0 

8 

Ammonium 2,4,5-T 

SjOOO 

100 

0 

9 

iYmmonium 2,4,5-T 

10,000 

100 

0 


* Mean of forty plants in each treatment. 



trated Carbowax solutions of the two 
compounds were applied to the cut area. 
2,4,5-T treatment resulted in complete 
kill in 6 months, while plants girdled and 
untreated or treated with 2,4-D were 
alive after 20 months. Only when plants 
were completely covered with 2.0% 
2,4-D and 2,4,5-T sprays in diesel oil was 
the selectivity of 2,4,5-T for eucalyptus 
not in evidence; under these conditions 
both 2,4-D and 2,4,5-T produced 100% 
kills. 

Although the herbicidal value of 2,4-D 
for most herbaceous weeds has been ex- 
tensively investigated and confirmed, it 
seems that future trials with 2,4,5-T, 


the possible minimizing of the deleterious 
effects of rainfall by this method (ii), 
should prove valuable under most condi- 
tions and especially under the moist sub- 
tropical Hawaiian conditions. 

Summary 

I. Some species of herbaceous and 
semiwoody weeds, shrubs, and trees were 
sprayed with 1000-2000 p.p.m. aqueous 
solutions of 2,4-dichlorophenoxyacetic 
acid (2,4-D) and 2,4,5-trichlorophe- 
noxyacetic acid (2,4,5-T) under warm 
humid Hawaiian conditions. In addition, 
several woody species were sprayed with 


I 
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2.0% concentrations of the chemicals in 
diesel oil. 

2. When sprayed on species of her- 
baceous or semiwoody weeds, 2,4-D was 
either greater than, or equal to, 2,4,5-T 
in toxicity in aqueous solution at 1000 
p.p.m. 

3. When tested on some species of 
shrubs and trees, 2,4,5-T was observed to 
be more toxic than 2,4-D. Woody species, 
such as eucalyptus {Eucalyptus citrio- 
dor a), popolo (Solanuni nodiflonmi), sen- 
sitive plant {Mimosa pudica), Christmas 
berry {Schinus terehinthifolius)^ lantana 
{Lantana camara)^ false ironwood {Casu- 
arina equisetifolia), algaroba {Prosopis 
chilensis)^ Java plum {Eugenia jambo- 
lana)^ and cat’s-claw {Caesalpinia se- 
piaria) were more injured by 2,4,5-T 
treatment. The guava {Psidium gua- 
java) was an exception, being damaged 
more by 2,4-D than by 2,4,5-T. 

4. Eucalyptus was killed with one 
spraying of 1000 p.p.m. of 2,4,5-T, while 
the same concentration of 2,4-D did 
little damage. The specificity of 2,4,5-T 
for this species was further demonstrated 
with mature trees, 40-50 feet tall, when 


girdled trees were killed in 6 months 
after 2,4,5-T was applied to the wounds, 
while plants treated with 2,4-D were 
alive 20 months after treatment. 

5. With the exception of lantana, 
which proved to be one of the most diffi- 
cult species to control, 2.0% solutions of 
2,4-D and 2,4,5-T in diesel oil proved to 
be equal in toxicity to several woody 
species tested. Although the specificity 
of 2,4,5-T for eucalyptus was not in evi- 
dence at this high concentration, lan- 
tana was destroyed with one spraying of 
2,4,5-T while 2,4-D-treated plants re- 
quired repeated spra3dngs for control. 

6. When sprayed on 8-month-old, 
actively growing pineapple plants, am- 
monium 2,4,5-T in aqueous solution at 
2000-10,000 p.p.m. proved practically 
100% toxic, while similar solutions of 
2,4-D possessed much lower toxicity. In 
these tests 2,4,5-T was approximately 
twice as toxic as 2,4-D, but the damage 
produced by both compounds precludes 
their use as herbicidal sprays in fields of 
growing pineapples. 

Pineapple Research Institute 
Honolulu, Hawaii 
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STUDIES ON THE CAROTENE-DESTROYING PROCESSES 
IN DRYING BEAN LEAVES 

CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 595 
LEON BERNSTEIN AND JOHN F. THOMPSON 


Introduction 

It is generally recognized that field- 
curing of hay crops results in large losses 
of carotenoid pigments (i, 8, 12). These 
losses have been variously ascribed to the 
action of an enzyme and to light, differ- 
ent investigators emphasizing one or the 
other mechanism. Hauge and co-workers 
(5, 6, 9, 10) have maintained that en- 
zymic activity is mainly responsible for 
carotene loss, while Guilbert (4) has 
emphasized the importance of light. 

The terms ^ ^enzymic destruction^’ and 
^^photodestruction” of carotene will be 
used in this paper. It is realized that if 
the enzyme involved in this process is a 
lipoxidase, as Mitchell and Hauge be- 
lieve (9), then there is a coupled oxida- 
tion involving fats (14, 16) and not a di- 
rect enzymic oxidation with carotene as 
the substrate. It will be shown that 
photodestruction is likewise indirect, in- 
volving at- least the absorption of light 
by substances other .than the carote- 
noids. For brevity, however, the indirect 
nature of the processes will not be re- 
ferred to again in naming them. 

Mitchell and Hauge (10) measured 
the carotene loss in alfalfa drying in the 
light and in the dark in order to deter- 
mine the relative importance of enzymic 
destruction and light-activated destruc- 
tion. Although they had to assume that 
enzymic destruction of carotene was the 
same in the light and in the dark, they 
realized the weakness in their assump- 
tion and enumerated factors which 


would cause differences in enzymic de- 
struction between light and dark. It is 
impossible, therefore, to reach any con- 
clusion as to the amount of carotene de- 
stroyed by light. 

Guilbert (4) compared the loss of 
carotene in sun-curing of autoclaved and 
unautoclaved alfalfa and concluded that 
photodestruction was responsible for a 
large fraction of the loss. Mitchell and 
Hauge claimed (10), however, that auto- 
claving affects the stability of carote- 
noids to subsequent exposure to light, so 
that it is not valid to compare carotene 
losses in autoclaved and unautoclaved 
leaves in the light as a means of deter- 
mining the photo-oxidative loss. A fur- 
ther objection is that photodestruction 
is effective in autoclaved leaves from the 
moment of exposure to light, since the 
cells are already killed, whereas in fresh 
leaves a period must elapse during which 
the cells are killed or injured by partial 
drying before photodestruction (and 
enzymic destruction) becomes operative 
(see below). 

With the restricted validity of the 
above-mentioned experimental tech- 
niques in mind, the present work was 
undertaken. Duplication of field condi- 
tions was sacrificed in favor of controlled 
environments, so that for specified con- 
ditions, at least, the extent of photode- 
struction and enzymic destruction could 
be quantitatively determined. The ef- 
fects of varying environmental and in- 
ternal factors — including the time factor, 
temperature, oxygen tension, light in- 
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tensity, light quality, water content of 
the leaf, and the presence or absence of 
naturally occurring, water-soluble anti- 
oxidants — on the rates of photodestruc- 
tion and/or enzymic destruction have 
been investigated. 

Material and methods 

The leaves of Red Kidney bean plants 
were chosen as the experimental mate- 
rial because of their ready availability 
and because of the ease in preparing uni- 
form samples, especially when orienta- 
tion of the leaves to light is an important 
factor. Cordate leaves of plants grown in 
greenhouse soil to the stage when these 
leaves are fully expanded were used. The 
half-leaf method was employed. By cut- 
ting out the midrib, two sets of matched 
half-leaves were obtained; one was used 
as a control, the other as a treatment. 
Ten leaves sufficed to give matched sets 
which agreed within the limit of the 
chromatographic technique employed for 
carotenoid determinations. Analysis of 
six pairs of sets (ten half-leaves per set) 
gave a mean difference between matched 
sets of 1.0+ 0.3 microgram of carotene 
per gram of fresh weight (less than 1% 
of the carotene content), with a maxi- 
mum difference of 2.1 /xg/gm. (1.7%). 

The chromatographic method em- 
ployed was essentially that of Zscheile 
and Whitmore (19) for fresh plant mate- 
rial. Modifications of the method in- 
cluded complete transfer of pigments 
from the aqueous phase to Skellysolve 
following extraction and the use of cal- 
cium hydroxide (approximately 1-2 cm. 
thick) to overlay the magnesia in the 
column. The calcium hydroxide gave bet- 
ter retention of the chlorophylls and al- 
lowed for elution and measurement of 
carotenols by 40% acetone in Skelly- 
solve, following the elution of carotenes, 
without contamination by chlorophylls. 


The term ^+arotenor* as used in this 
paper is equivalent to the more generally 
used term "^‘xanthophyll.” The carotenoi 
fraction consisted of approximately 80% 
luteol, the remainder including two or 
more other carotenoi pigments. Carote- 
noi values were calculated from the 
standard carotene curve and are of sig- 
nificance for comparative purposes only. 

The criterion for carotene destruction 
was decolorization of carotene as meas- 
ured at 440 mju according to the method 
of Zscheile and Whitmore. 

Treatment of leaves by freezing, auto- 
claving, or drying prior to exposure to 
experimental conditions was necessary 
to insure controlled initiation of carotene 
destruction at the start of the experi- 
ment. 

Our observations indicate that at 
least intensive injury, if not death, of 
cells is necessary for any marked caro- 
tene destruction. Conditions such as 
freezing or autoclaving which kill leaves, 
or a degree of dehydration sufficient to 
cause injury, are necessary pretreat- 
ments for rapid enzymic destruction 
and/or photodestruction of carotene. It 
has been postulated that the change in 
cells upon death which accounts for the 
increased susceptibility of carotene to 
enz3nnic destruction is due to increased 
contact between enzyme and lipoidal 
constituents resulting from disorganiza- 
tion of cell structure (13, p. 117). 

Of the treatments employed, predry- 
ing has the advantage of being more 
comparable with field-curing conditions 
than either freezing or autoclaving. Pre- 
freezing has an advantage over predry- 
ing, however, because there is no loss of 
carotene in pre treatment and cells are 
uniformly killed, resulting in more or 
less equal enzymic activity throughout 
the leaf. Preautoclaving has an advan- 
tage over predrying in that the cells are 
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uniformly killed and the enzymes in- In experiments with predried or pre- 
activated. frozen leaves, dark controls were used to 

Leaves were predried at room tern- correct for the enzymic destruction 
peratiire (22° C.) in a vacuum oven con- which occurred in sets exposed to light, 
taining a generous supply of anhydrous With autoclaved material, control sets in 
calcium chloride, so that complete dry- the dark served to correct for a non- 
ness could be obtained in 1^2 hours. In enzymic oxidation of carotene which, 
this manner, carotene loss before the under the conditipns of time and temper- 
leaves had reached a given moisture con- ature employed, was in most cases neg- 
tent was kept small (5% of original caro- ligible. Loss in carotenoid pigment is ex- 
tene content), and destruction of caro- pressed either on an absolute basis or as 
tene could be initiated at a precise time, a percentage of initial carotene content 
Prefreezing was accomplished by cooling (as determined in control sets of auto- 
the leaves to — 18° C. for 16 hours. Auto- claved samples, or in separate samples, 
claved leaves were heated at 5 pounds where controls were used to determine 
pressure in an autoclave (108° C.) for 5 enzymic destruction), 
minutes. All samples which were not auto- 

In the studies on photodestruction the claved prior to experimental exposure 
leaves were irradiated by a mercury were blanched in boiling water for 2 
vapor lamp (400-watt, type H-i, G.E.) minutes at the conclusion of the run. All 
equipped with a water filter. The inci- samples were stored at until 

dent light intensity usually employed analyzed, 
was between 1000 and 1500 foot-candles. 

In the studies on light qualitya loco-watt Experimentation 

tungsten-filament lamp was substituted Preliminary experiment. — In one of 

as the light source. The leaves either our first attempts to evaluate the relative 
were floated on water to prevent drying importance of enzymic destruction and 
during exposure or more usually were photodestruction of carotenoids, fresh 
dipped in heavy, white mineral oil and and autoclaved leaves were exposed to 
spread out in an open dish. The oil had sunlight (6000 foot-candles), while com- 
no effect on rates of enzymic destruction parable samples were kept near by in the 
or photodestruction as determined by dark (same air temperature) , The ex- 
comparison with leaves in moist-cham- posed sets (light and dark) were taken 
bers. Exposure of leaves not covered by up at intervals and re- weighed to deter- 
mineral oil in moist-chambers resulted in mine moisture loss. Carotene loss in ex- 


large losses of water from the leaves ow- posed sets was calculated as a percentage 



ing to slight heating of the irradiated of initial carotene content, 
leaves above air temperature. Leaves In table i data are grouped together 
dipped in mineral oil in open dishes lost according to the amount of water lost, 
water equivalent to less than 10% of and the mean carotene loss for each 
their fresh weight during 6 hours of ex- group is reported. Fresh leaves lost ap- 
posure to 1300 foot-candles. At the end proximately 30% of their carotene in the 
of the experiment most of the oil was re- dark, while autoclaved leaves lost only 
moved by rinsing the leaves lightly in about 1%, indicating that an enzyme- 
Skellysolve B. Control sets (kept in the mediated destruction of carotene exists, 
dark during the experimental period) re- This conclusion is based on the assump- 
ceived the same mineral-oil treatment. tion that the only effect of autoclaving 
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pertaining to carotene destruction is in 
inactivating enzymes, although other 
explanations have been advanced (13, 
p. 1 16; 18). Autoclaved leaves in the 
light lost 53% of their carotene in 2-3 
hours, while comparable leaves in the 
dark lost only about 1% up to 29 hours. 
This proves that a light-activated de- 
struction of carotene can occur. 

In fresh leaves in the light, both the 
enzyme and the light-activated mech- 
anisms are responsible for the destruc- 


ficed in favor of precisely controlled in- 
ternal and external factors. 

Time-rate studies. — Knowledge of 
the influence of time on the rate of de- 
struction of carotene is essential for the 
study of other factors affecting the proc- 
ess. A preliminary experiment showed 
that maximum enzymic destruction of 
carotene occurred when leaves had lost 
50-90% of their water content. In an- 
other experiment leaves were dried at 
room temperature until 85-91% of the 


TABLE 1 


Carotene losses in drying leaves in light (6000 foot-candles) and in dark 


Leaf condition 

Illumi- 

nation 

Weight loss 
as percent- 
age of origi- 
nal fresh 
weight 

Leaf 

temperature 

Time of 
treatment 

No. of 
samples 

Percentage 
carotene loss ± 
standard error 

Fresh 

Light 

50-62 

40-42 

20-60 min. 

6 

13-1 ±2.45 

Fresh 

Light 

70-78 

40-42 

45-180 min. 

5 

35*6 ±2.20 

Fresh 

Light 

So-go 

40-42 

60-130 min. 

3 

51,9 ±4.20 

Autoclaved 

Light 

70-75 

40-42 

50 min. 

2 

34-0 ± 3-95 

Autoclaved 

Light 

84-88 

40-42 

60-1 70 min. 

5 

53-3 ±2.74 

Fresh 

Dark 

20-30 

30 

30- 65 min. 

4 " 

4. 08 ±0.83 

Fresh 

Dark 

40-60 

30 

120-180 min. 

4 

10.2 ±1.68 

Fresh 

Dark 

So-90 

30 

18- 29 hr. 

6 

31.0 ±1.42 

Autoclaved 

Dark 

84-90 

30 

2i-29 hr. 

5 

1.06 + 0.58 


tion of carotene during drying, but it is 
impossible from these data to calculate 
what part of total destruction was due 
to each mechanism. Fresh leaves in the 
dark cannot be used in measuring the 
extent of enzymic destruction which oc- 
curred in the light, because differences 
in leaf temperature and moisture con- 
tent at any given time could have caused 
the amount of enzymic destruction in the 
light to differ from that in the dark. For 
reasons already mentioned, autoclaved 
leaves in the light cannot serve in meas- 
uring photodestruction in fresh leaves in 
the light. In an attempt to obviate these 
dif&culties, simulated field conditions 
(gradual drying of material) were sacri- 


moisture had been evaporated and then 
incubated at 37° C. for various periods of 
time, allowing no further change in 
moisture content. Control samples were 
blanched after the dehydration process. 
Curve B (fig. i) presents these data, 
which show a large initial rate of carotene 
loss and subsequent decrease in rate. 
This results in leveling-off of the carotene 
loss curve indhe region in which 40-50% 
of the carotene has been destroyed. The 
change in rate of carotene loss necessi- 
tates using an incubation period of 2 
hours or less to measure the enzymic rate 
of destruction. At the present time we 
have no evidence as to the cause for the 
virtual cessation of enzymic destruction 
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‘after 40-50% of the carotene has been 
destroyed. This phenomenon has been 
observed (13, pp. 116, 118) with barley 
leaves but apparently does not occur in 
alfalfa (10). Curve A (fig. i) shows how 
the carotene destruction in prefrozen 
leaves (incubated at 37^ C.) varies with 
time. The curve is very similar to that for 
dehydrated leaves; this is construed to 
mean that enz3mie action in prefrozen 
and in partially dehydrated leaves is the 
same. The fact that the curve for dehy- 
drated leaves lies below that for pre- 
frozen ones is probably due to lower en- 



Fig. I. — Efiect of incubation period on amount 
of enzymic destruction of carotene. A, prefrozen 
leaves; B, predried leaves (85-91% of water re- 
moved). Incubation temperature, 37° C. 

zymic activity in marginal cells which are 
too dry for optimal enzymic activity and 
in cells along veins where water content 
is too high for initiation, or maximum 
rate, of enzymic activity (fig. 3)* 

The influence of the time factor on the 
rate of photodestruction of carotenoids 
was studied with partially dehydrated 
leaves (fig, 2) and autoclaved leaves (fig. 
pj. Matched sets of leaves were dipped 
in mineral oil after pretreating (vacuum 
drying or autoclaving), one set then be- 
ing exposed to light of a mercury vapor 
lamp, the other set serving as a dark con- 
trol. Leaves which are partially dried 


(68-85% of water removed) before being 
exposed to light show an initially high 
rate of photodestruction and a decrease 
in rate of photodestruction at the point 
where further enzymic destruction prac- 
tically ceases. After 24 hours these 
leaves still retained approximately 30 ^g, 
of carotene (28%) and almost 100 jug. 
(55%) of carotenol per gram of original 
fresh weight. This incomplete destruc- 
tion of carotenoids is probably due in 
part to incomplete killing of the leaf tis- 
sues. However, even in leaves completely 
^ killed by prefreezing, photodestruction 
of carotenoids is not carried to comple- 
tion as rapidly as in autoclaved leaves. 
Figure 9 shows that, after only 6 hours, 
80-90% of the carotene of autoclaved 
leaves is destroyed by the action of light 
alone. Autoclaving therefore renders the 
carotenoids susceptible to more complete 
photodestruction, a fact which has been 
observed by Mitchell and Hauge (10) 
and by Jones et al. (7) . This effect makes 
comparison of carotene destruction in 
autoclaved and unautoclaved leaves in 
light invalid as a means of determining 
enzymic destruction by difference, since 
autoclaving does more than simply elimi- 
nate enzymic destruction of carotene. 
Thus Guilbert’s (4) work does not give 
a true estimate of the relative importance 
of enzymic and photodestruction of 
carotene. 

From the data in figure 2, certain valid 
comparisons of the rates of photode- 
struction and enzymic destruction can 
be made. During the first 8 hours the 
leaves in the dark lost 28 Mg-j while the 
leaves in the light lost 63 fxg. of carotene 
per gram of original fresh weight. This 
would mean 28 jug. lost by enzymic de- 
struction and 35 fjLg. lost by photode- 
struction. This is a valid comparison only 
for the conditions of the experiment. If 
the leaves had been predried until 85- 
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90% of the water had been lost instead of 
only about 75%, ^then the enzymic de- 
struction would have been higher and 
would have accounted for approximate- 
ly 40% of the initial carotene content 
(fig. i), and the photodestruction might 
have been somewhat less (fig. 4). xAnotlier 
factor which renders difficult the com- 
parison of photodestruction and enzymic 
destruction is the fact that in bean leaves 
the rate of enzymic destruction falls off 
sharply after 40% of the carotene has 
been destroyed. Therefore, quite differ- 
ent results can be obtained by comparing 
enzymic and photodestruction after 2, 8, 
and 24 hours of exposure of the leaves. If 
the variability of light and temperature 
encountered in the field is considered, it 
becomes evident how difficult it would be 
to evaluate the importance of enzymic 
and photodestruction under field condi- 
tions. By following a procedure such as 
used in this work (predrying or prefreez- 
ing), however, it is possible to determine 
the effects of various factors on the rates 
of photodestruction and enzymic de- 
struction. In other words, we have been 
able to separate and distinguish these 
processes at least under controlled condi- 
tions, so that further study of the indi- 
vidual processes is possible. Finally, the 
relative amounts of photodestruction 
and enzymic destruction observed in this 
and other experiments indicate strongly 
that under ordinary field conditions of 
sun-curing, both the enzyme- and the 
light-mediated destruction of carotenoids 
are of importance and must be consid- 
ered in any program to improve retention 
of carotenoids in leaves. 

Moisture content and carotene 
DESTRUCTION. — ^Having determined ap- 
propriate time intervals for the study of 
rates of carotene destruction, the influ- 
ence of moisture content on the rate of 
enzymic carotene destruction was in- 


vestigated. A number of leaf sets 'were 
dried in mcno at room temperature to 
different moisture contents. Control sets 
were blanched at this point, and remain- 
ing samples were incubated in the dark 
for I hour at 37*^ C. The maximum en- 
zymic destruction occurs when 80-95% 
of the water has been removed (fig. 3). 
Since the curve showing the rate of caro- 



Fig. 2. — Carotenoid content of predried leaves 
(68-85% of water removed) incubated in dark and 
in light as a function of time. A, carotenol, dark; 
By carotenol, light; C, carotene, dark; D, carotene, 
light. Light intensity, 1300 foot-candles; tempera- 
ture, 23®-24° C. 

tene destruction rises steeply when 75- 
82% of the water had been lost, death of 
the cell, or sufficient injury to cause ac- 
celerated carotene destruction, may be 
assumed to occur in this moisture range . 
That there are measurable carotene 
losses when 25% of the moisture had 
been removed is construed to mean that 
some of the marginal cells have lost 75% 
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or more of their moisture. The abrupt 
drop in rate of carotene destruction after 
95% water loss means that the amount 
of water rec|iiired for enzymic activity is 
ver}’ small The fact that the rate of caro- 
tene destruction fell to zero when leaves 
were completely dry shows that some 
water is essential for enzymic activity. 
It should be pointed out that enzymic 
destruction of carotenoids is relatively 
little influenced by moisture content 



Fig. 3. — Effect of moisture content on enzymic 
destruction of carotene. Leaves predried in vacuo 
at room temperature before incubation at 37° C. 
Carotene loss calculated on basis of carotene remain- 
ing after dehydration. Incubation time, i hour. 

(except in completely dry leaves) if the 
cells are prekilled by freezing. 

The effect of the water content of bean 
leaves on photodestruction was studied 
with predried leaves prepared in the 
same way as described above. The leaves, 
after partial drying to desired water con- 
tent, were dipped in mineral oil and 
spread out in open dishes. One set of 
each pair of matched sets was placed in 
the light for 3 hours, while controls were 
kept in the dark at the same tempera- 
ture (24^-25° G.). The difference in caro- 
tene and carotenol content between dark 
controls and sets exposed to light is a 
measure of the amount of photodestruc- 
tion which occurred (fig. 4), Replicate 
experiments were run in the morning and 


afternoon of the same day. Although the 
general shape of the curves is the same, 
indicating maximum photodestruction in 
leaves which had lost approximately 75% 
of their water in predrying, the absolute 
values for the samples harvested and run 
in the afternoon are considerably higher 
than those for the morning. This indi- 
cates a marked effect of physiological 
condition of the leaf, influenced possibly 
by previous exposure to light, on the 
stability of carotenoid pigments to 
photodestruction under the conditions 
employed. 

Maximum photodestruction occurs at 
a higher water content (at 65-85% de- 
hydration; i.e., 65-85% of water re- 
moved in predrying) than maximum 
enzymic destruction (approximately 80- 
95% dehydration) . This is due in part to 
the decrease in leaf area with drying and 
consequent decrease in light absorption 
per unit of pigment. However, photo- 
destruction decreases to a greater extent 
than can be accounted for by shrinkage 
of the leaf as it approaches complete 
dryness. Leaves which were 89% dehy- 
drated lost 33% less carotene through 
photodestruction than did leaves 75-% 
dehydrated. The decrease in leaf area, 
however, was only 18%. The discrepan- 
cy is even larger when leaves 100% de- 
hydrated are compared with those which 
were 89% dehydrated. Here the decrease 
in leaf area was 19%, while the amount 
of photodestruction decreased 71%. It 
is clear that water, directly or indirectly 
through effects on factors other than leaf 
area, increases the rate of photodestruc- 
tion in partially dried leaves in the region 
of 75-100% dehydration. However, some 
photodestruction does occur in leaves 
which are completely dry. The maximum 
rate of photodestruction with reference 
to water content, therefore, lies between 
that water loss which is necessary to kill 
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or injure the cell and the point at which 
further loss of water retards the photo- 
destructive process. Since all the cells of 
the leaf do not dry out uniformly (the 
marginal cells becoming dry first), the 
shape of the curves in figure 4 can be ex- 
plained as the balance between killing or 
injuring of progressively larger numbers 
of cells, with initiation of photodestruc- 
tion in them, and complete drying-out of 



Fig. 4. — Effect of moisture content on photo- 
destruction of carotenoids. Leaves predried in vacuo 
at room temperature before exposure. Carotenoid 
content of leaves in light subtracted from carote- 
noids in matched sets in dark to give amount of 
photodestruction. A and B, carotenol and carotene, 
respectively, for samples prepared from leaves 
picked at 2:00 p.m. C and Z?, carotene and carotenol, 
respectively, for samples prepared from leaves 
picked at 9:00 a.m. Light intensity, 1000 foot- 
candles; exposure period, 3 hours. 

progressively larger numbers of cells, 
with concomitant decreases in rate of 
photodestruction in such cells. 

Temperature and carotene de- 
struction. — Temperature characteris- 
tics for the enzymic oxidation of carote- 
noids are given in figure 5. Matched sets 
of fresh leaves and autoclaved leaves (as 
controls) were prefrozen, brought to the 
desired temperatures quickly by dipping 
in water slightly warmer than these tem- 
peratures, and incubated for i hour at 
the different temperatures. The maxi- 
mum in the curve is a result of two op- 
posing effects— the increase in rate of 
carotene destruction with higher tem- 
perature and the increase in rate of en- 


zyme inactivation with rising tempera- 
ture. For the time interval employed, the 
maximum enzymic destruction of caro- 
tene was obtained at approximately 
37° C. The temperature coefficients for a 
10° rise in temperature (()io), calculated 
for the ranges of 4^-15° C. and 15'^- 
24° C., are 1.68 and 1.59, respectively. 
These values are reasonable for enzymic 
reactions (15). It should be noted that at 
80^ C. there was appreciable carotene 
destruction which indicates that the de- 
struction of the enzyme even at this tem- 
perature is by no means instantaneous. 

The effect of temperature on the rate 
of photodestriiction of carotenoids was 
determined. Since in autoclaved leaves a 
wide temperature range can be used 
without fear of disrupting the system, 
rates of photodestruction were deter- 
mined at only two widely separated 



Fig. 5.— Effect of temperature on enzymic de- 
struction of carotene in prefrozen leaves. Carotene 
loss calculated on basis of carotene content of 
blanched controls. Incubation time, i hour. 

temperatures. Matched sets of leaves 
were exposed at 24° C. and 64° C. in light 
and in dark by floating the leaves on 
water maintained at these temperatures. 
Light intensities (mercury vapor lamp) 
of 200 foot-candles (light limiting) and 
1400 foot-candles were used. In replicat- 
ed experiments the Q^o for both light in- 
tensities calculated from observations at 
these two temperatures was 1.2-1.3. This 
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temperature coefficient falls within the 
range of coefficients for photochemical 
reactions in which temperature affects 
some nonphotochemical step in the re- 
action (3). Since the temperature coeffi- 
cient of photodestruction is low, ade- 
quate control of temperature was easily 
obtained by performing experiments in 
a room in which fluctuations were limited 
to 1° or 2" C. 


and that it falls to zero in the region of 
0 . 02 - 0 , 2 % oxygen. This proves that en- 
zymic destruction of carotene is oxida- 
tive and that molecular oxygen is neces- 
sary for the process. This is in interesting 
contradistinction to the photodestruc- 
tion of carotene in which some destruc- 
tion occurs in the absence of molecular 
ox}^gen (fig. 7). It would appear that the 
decolorization of carotene by substances 



2.0 \J0 0 -10 - 2.0 -30 - 4.0 

LOG % OXYGEN CONCENTRATION 


Fig. 6. — Effect of oxygen concentration on en- 
zymic destruction of carotene in prefrozen leaves. 

, i Incubation time, 2-| hours; temperature, 37° C. 

Oxygen and carotene destruc- 
tion. — The relation of molecular oxygen 
to enzymic destruction of carotene was 
investigated. Matched leaf samples were 
' ' placed in 8-oz. glass bottles. The oxygen 

concentration was adjusted by evacuat- 
ing to a known pressure and restoring to 
atmospheric pressure with tank nitrogen 
scrubbed free of oxygen with alkaline 
pyrogallol. By repeating this process, the 


other than oxygen is activated by light. 

In studying oxygen tensions and photo- 
destruction, leaf sets were placed in the 
bottles so that they could be subsequent- 
ly exposed to light. They were then auto- 
claved, and the oxygen tension lowered 
to the desired values. The samples were 
exposed to 900 foot-candles for 2-4 
hours, the time varying in different ex- 



Fig. 7.-— Effect of oxygen concentration on 
photodestruction of carotenoids in autoclaved 
leaves. Open circles, carotene; closed circles, carot- 
enol. Light intensity, 900 foot-candles; tempera- 
ture 23° C ; exposure period, 3 hours. 1 



oxygen tension could be reduced to any periments. In a series of experiments 
desired value. Fresh leaf sets were frozen (table 2) leaves in an atmosphere of ni- 
in the bottles after the desired oxygen trogen lost 23.9+3.5% as much carotene 
concentration had been obtained. Con- and i8,9+2.i%asmuch carotenolas the 
trol samples (autoclaved leaf sets) were samples in air (means of five determina- 
treated exactly the same as the fresh tions). Figure 7 gives the results of a de- 
leaves. After freezing, leaves were incu- ries of experiments in wffiich intermediate 
bated at 37° C. for 2| hours. Figure 6 oxygen tensions were employed. Between 
shows that enzymic destruction of caro- 20% and o. 5-1.0% oxygen, the photo- 
tene is reduced at lower oxygen tensions destruction was proportional to the 
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logarithm of the oxygen concentration 
(1I3 p. 530 [on relation of oxygen tension 
to photo-oxidation and respiration]). 
Below 0.5% oxygen, photodestruction 
decreased only slightly with decreasing 
oxygen tensions. In several experiments 
(II and III, table 2) it was found that in 
nitrogen as much photodestruction oc- 
curred between 2 and 4 hours as occurred 
in the first 2 hours. If photodestruction 
of carotenoids in the absence of molecu- 


Leaves were floated on water and ex- 
posed for 6 hours to different intensities 
of light by varying the distance from the 
light source (mercury vapor lamp) . Con- 
trol sets were analyzed after autoclaving. 
The results (fig. 8) indicate that up to 
about 300 foot-candles (measured by 
Weston meter), pliotodestruction is 
roughly proportional to light intensity. 
Increasing the light intensity above 300 
foot-candles results in increased photo- 


TABLE 2 

Photodestruction of carotenoid pigments in autoclaved leaves in air 
AND in NL. Carotenoids destroyed in light expressed as percentage 
OF carotenoid content of dark controls 


Experiment 

Atmos- 

phere 

Light in- 

TENSITV 

(POOT- 

C.\NDLES) 

Dur^vtion 

(hours) 

% PIGMENT iOST 

Loss m Na AS PERCENT- 
AGE OP LOSS IN AIR 

Carotene 

Carotenol 

Carotene 

Carotenol 

I 

Air 

1400 

3 

76. s; 





N2 

1400 

3 

19.0 

10.3 

24.9 

19.4 

11 

Air 

1000 

2 

48.0 

■^i . 0 




Na 

1000 

2 

ii.S 

'^6.4 

24.0 

20. 6 


Air ! 

1000 

4 

80.0 

62.4 




Na 

1000 

4 

27.8 

16.0 

00 

25.7 

III....... 

Air 

1000 

2 

44 . 1 

28.8 




Na 

1000 

2 

5-6 

4.2 ’ 

12 . 7 

14. 6 


Air 

1000 

4 

58-9 

38.4 




Na 

1000 

4 

13-6 

5.4 

23.1 

14,1 

Means + S.E 






23 - 9 ± 3 'S 

18.9 + 2.1 










lar oxygen is oxidative, some cellular con- 
stituents may function as oxidants in 
place of oxygen; it is also possible that 
photodestruction of carotenoids in ab- 
sence of oxygen may proceed through re- 
duction of carotenoids rather than oxida- 
tion (11, p. 505). However, under such 
conditions, the rate of photodestruction 
is only about 20% of what it is in air. 

Light intensity, light quality, 
AND photodestruction. — The relation- 
ship of light intensity to photodestruc- 
tion was investigated with autoclaved 
leaves early in the course of these studies. 


destruction but not in the same propor- 
tion observed below 300 foot-candles. In 
most of the work on photodestruction,, 
light intensities of iooo~-i5oo foot- 
candles have been used, since an ap- 
preciable amount of photodestruction 
will occur in a few hours at these inten- 
sities. 

The effect of light quality on photo- 
destruction was determined by interpos- 
ing dye solutions between the light 
source (a 1000-watt tungsten-filament 
lamp) and the autoclaved leaf samples. 
A primary filter of copper acetate solu- 


i 
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tioii was used to filter out the infrared 
radiation and reduce the proportion of 
energy in the red end of the spectrum. 
Transmittancies of the dye solutions and 
copper acetate were determined with a 
Beckman spectrophotometer (model ii, 
I -cm. cells) and are given in figure lo. 
The yellow-green filter transmitted some 
light in the blue-\dolet region, but this 
contamination is unimportant, since the 



Fig. 8. — Light intensity and photodestruction in 
autoclaved leaves. Matched sets analyzed for origi- 
nal carotenoid content, after autoclaving. A, caro- 
tene; B, carotenol. Duration of experiment, 6 hours; 
temperature, 23®-25° C. 

output of the light source used in the ex- 
periment was so low in the blue-violet 
region. By varying the concentration of 
the dyes, the light energy transmitted by 
each filter was equalized. Light energy 
was measured with a calibrated thermo- 
pile and was loo or 150 }jl watts/sq. cm., 
varying in different experiments. By 
spectroscopic observation (Hilger spec- 
trometer) of transmitted light from the 
light source, the bands reported in table 
3 were visible. 

The results (table 3) show that photo- 
destruction occurred in the orange and 
yellow-green regions of the spectrum as 
well as in the blue. Since carotenoid pig- 
ments do not absorb light in the yellow- 
green or orange regions, it seemed likely 
that the light was being absorbed by 
chlorophyll, which then directly or indi- 
rectly caused the oxidation of the earote- 
uoidsr"^ This yiew was supported by the 


fact that photodestruction by yellow- 
green light "was somewhat less than that 
caused by blue or orange light. An ex- 
periment (III, table 3) was then run with 
autoclaved, etiolated bean leaves, which, 
by measurement of light absorption of 
extracts at 670 m^, were shown to contain 
only about 1-2% as much chlorophyll 
as normal bean leaves. In this case, owdng 
to the low initial carotene content of the 
leaves, the carotenol data only are re- 
ported. Despite the low chlorophyll con- 
tent of the leaves, photodestruction of 
carotenol occurred in all three regions of 
the spectrum. The original carotenol 
content was approximately 50% as high 
as in green leaves. Photodestruction of 
carotenols (experiitient II, table 3) 
amounted to about 10%. Allowing for 
the longer time interval used in experi- 



Fig. 9. — Effect of leaching autoclaved leaves on. 
subsequent rates of photodestruction of carotenoids. 
Difference between carotenoid content of dark con- 
trols and light-treated sets expressed as percentage 
of carotenoids in controls. ^ 4 , carotene loss in leached 
leaves; i?, carotene loss in unleached leaves; C, 
carotenol loss in leached leaves; D, carotenol loss in 
unleached leaves. Light intensity, 1200 foot-candles; 
temperature, 23^-24® C. 

ment III, the amount of carotenol de- 
stroyed, on an absolute basis, compares 
fairly well with the amount of photode- 
struction in experiment II. It would 
seem, therefore, that if chlorophyll is the 
light-absorbing agency in the photode- 
struction of carotenoids, much lower 

^ Cf. Franck and French (2) on photautoxida- 
tion in blue and red light. 
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concentrations of chlorophyll than nor- 
mally occur in green leaves are effective 
in promoting photodestruction. 

Effect of leaching with water on 
PHOTODESTRUCTION. — From early experi- 
ments on the effect of the time factor on 
photodestriiction, it was suspected that 
natural antioxidants in the leaf were re- 
tarding photodestruction of the pig- 
ments. An experiment was run in which 



Fig. 10. — Transmittance of dyes used in study on 
effect of light quality on photodestruction, de- 
termined by Beckman spectrophotometer. Results 
calculated for combined absorption by primary 
filter (i cm. 2% copper acetate) and i cm. of follow- 
ing dye combinations: A, 0.01% Pontamine Fast 
Turquoise 8GL and 0.005% Victoria Blue BO; 
B, 0.01% Pontamine Fast Turquoise and 0.01% 
Orange G (Du Pont) ; C, 0.02% Orange G and 
0.02% Fast Red (Coleman-Bell). 

the photodestruction in leaves blanched 
by boiling water for 5 minutes (leached 
material) was compared with that in 
leaves blanched by steam (unleached 
material). The photodestruction of caro- 
tene after 1 1 hours was almost twice as 
high in the leached material as in the un- 
leached. A time study was made in which 


half the samples were l)Iaiiched dry in the 
autoclave and the other half blanched in 
preheated water in the autoclave. The 
latter were then soaked for several hours 
in cold water to assure complete leaching 
of w^ater-soluble constituents. The leaf 
sets, covered with mineral oil, were ex- 
posed to light, with controls kept in the 
dark. The results show (fig. 9) that, dur- 
ing the first 1 1 hours, the carotene loss in 
leached leaves was 60% higher than in 
unleached leaves. Carotenols were not 
photodestroyed at all in unleached 
leaves during this period, while appreci- 
able photodestruction occurred in 
leached leaves. After the first i| hours, 
the rates of photodestruction were the 

TABLE 3 

PHOTODESTRUCTION of CAROTENOID PIG- 
MENTS BY LIGHT OF DIFFERENT 
SPECTR.AL REGIONS 


Spectral region 

IN Mju 

% CAROTENE 
DESTROYED IN 

GREEN LEAVES 

% CAROT- 
ENOL DE- 
STROYED IN 

ETIOLATED 

LEAVES 

Experi- 
ment U 

Experi- 
ment 11 * 

E.xperi- 
ment HI* 

430 - 505 -.-- 

16.9 

16.7 : 

43.6 

520-590 ! 

151 ! 

14. I 

33-2 

600-640 

i 

. 17 . 5 

20.0 

45-4 


* Conditions of experiments: I, duration, 6 hours; light 
energy, 150 /x watts/sq. cm.; II, duration, 9 hours; light energy, 
100 fi watts/sq. cmf; III, duration, 18 hours; light energy, too 
watts/sq. cm. 

same in leached and in iinleached leaves. 
A definite induction period owdng to the 
antioxidant action of water-soluble con- 
stituents of the leaf has been demon- 
strated.^ 

Discussion 

The marked effect of the water con- 
tent of partially dried leaves on the en- 

2 Cf . Rabinowitch (11, p. 526) on photo-oxida- 
tion of cellular oxidation substrates in preference to 
oxidation of pigmhits. 
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zymic destruction of carotene has been 
demonstrated (fig. 3). Bean leaves which 
were 85% dehydrated lost carotene at 
almost twice the rate of loss observed in 
leaves which \¥ere 75% dehydrated. As 
complete dryness is approached, the rate 
of change in enzyme activity is even 
more pronounced, with completely dry 
leaves showing no enzymic destruction 
of carotene during incubation. We have 
referred previously to the experiment of 
Mitchell and Hauge (10), in which 
carotene loss in leaves drying in the dark 
is used as a measure of enzymic destruc- 
tion in leaves drying in the light. From 
the above considerations, it can be seen 
that small differences in rates of drying 
may result in different amounts of en- 
zymic destruction in the light and in the 
dark, giving erroneous results in the cal- 
culated amount of photodestruction. 

Furthermore, small fluctuations in the 
rate of drying of leaves exposed to simi- 
lar conditions of light and temperature 
may result in considerable variations in 
the relative importance of enzymic de- 
struction and photodestruction because 
of the differential effect of moisture con- 
tent on these two processes (figs. 3, 4). 
For example, leaves which have lost 75% 
of their water will have a maximum rate 
of photodestruction of carotenoids, while 
leaves which have lost 85% of their 
water will exhibit a maximum rate of en- 
zymic destruction. The relative periods 
of time that leaves remain at these mois- 
ture contents will influence the relative 
importance of these two processes. 

The influence of light on leaf tempera- 
ture may further invalidate such studies. 
In the experiment reported in table i, the 
observed temperature of leaves in light 
was approximately 10° C. above air tem- 
perature and leaf temperature in the 
dark. The higher leaf temperature in the 
light would influence enzymic destruc- 


tion through the effect of temperature 
per se on enzymic activity and the effect 
of temperature on the rate of drying. In 
the present experiments with photode- 
struction we were able to limit differ- 
ences in leaf temperature in light and in 
dark to C., even with light intensities 
approaching 2000 foot-candles, by using 
a water filter to reduce infrared radiation 
and to cool the leaves by reradiation to 
the cold water. 

In our work with bean leaves the 
duration of exposure of leaves to condi- 
tions favoring photodestruction and/or 
enzymic destruction is a critical factor. 
The rate of enzymic destruction is not 
constant, being initially high, and de- 
creasing to virtually zero after some 40- 
50% of the carotene has been destroyed 
(fig. i). Although the photodestructive 
rate is more regular in autoclaved leaves 
(fig. 9), it also decreases markedly with 
time (fig. 2) in unautoclaved (predried) 
leaves. Photodestruction, however, con- 
tinues at an appreciable rate after en- 
zymic destruction virtually ceases. The 
time interval used in comparing relative 
rates of photodestruction and enzymic 
destruction will therefore greatly influ- 
ence the results. 

From the data in figure 8, the depend- 
ence of rate of photodestruction of 
carotenoids on light intensity is obvi- 
ous. Any estimation of the importance of 
photodestruction would be influenced by 
the light intensity incident on the ex- 
posed leaves. In terms of field practice, 
the greater retention of carotene in hay 
dried in the windrow than in the swath 
(17) is an effect attributable, in part at 
least, to the lower light intensity incident 
on much of the hay in the windrow. 

Our study of the factors influencing 
photodestruction and enzymic destruc- 
tion of carotene has made it possible to 
measure these processes accurately in 
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material whicli, although under con- 
trolled environmental conditions, is di- 
rectly comparable with material under 
field conditions. By predrying leaves in 
a vacuum to a given moisture content 
and maintaining them at such moisture 
content during the period of a test, we 
are able to arrest the complex, ever 
changing conditions which occur in the 
field and so to study the effectiveness of 
various environmental and physiological 
factors on the rate of destruction of the 
carotenoid pigments. We have further 
shown that prefreezing is a useful tech- 
nique for such studies, since material 
which is more uniform in regard to the 
condition of the leaf cells is obtained, 
while the processes of carotene destruc- 
tion are qualitatively unaltered by the 
freezing treatment. 

The probability that the carotene-de- 
stroying processes are indirect improves 
the likelihood of success in controlling 
them and in improving the retention of 
the carotene in field-cured hay crops. 
Mitchell and Haxjge (9) have present- 
ed evidence that the enzyme involved in 
the destruction of carotene in leaves may 
be a lipoxidase. The coupled oxidation 
of carotene (14, 16) by the lipoxidase-fat 
system offers greater opportunities for 
control than if carotene were the direct 
substrate of enzymic action. Similarly, 
the fact that light does not act directly 
on carotene to cause photodestruction 
improves the possibility of protecting the 
carotene. 

The presence of naturally occurring 
water-soluble substances which function 
as antioxidants for the photodestruction 
of carotene in bean leaves is of interest in 
several connections. First, the determi- 
nation of the character of these sub- 
stances would be of value per se. Second, 
the observation that bean leaves may 
differ in their susceptibility to photode- 


struction, depending on the time of day 
the leaves are picked from the plants 
(fig. 4), may be due to differences in the 
natural antioxidant content associated 
with time of day. Hence, in any study on 
the effect of physiological and environ- 
mental conditions on photodestruction 
and enzymic destruction of carotenoids, 
due consideration must be given to pos- 
sible variations in the quantity of natu- 
ral antioxidants. 

Summary 

1. The enzymic and photodestructive 
processes affecting the carotene content 
of bean leaves have been studied. By pre- 
treating leaves (drying or freezing) and 
controlling the conditions of experimen- 
tal exposure, we have been able to meas- 
ure quantitatively the separate processes 
of carotene destruction in leaves in which 
both enzymic destruction and photode- 
struction have occurred simultaneously. 

2. In partially dried leaves, carotene is 
destroyed rapidly both by enzyme- and 
by light-mediated processes until about 
50% of the carotene is gone. The rates of 
destruction, especially the enzymic rate, 
then decrease, although in the light a 
further gradual decrease in carotene con- 
tent has been observed. In autoclaved 
leaves, however, photodestruction con- 
tinues at a high rate until 80-90% of the 
carotene is destroyed. In prefrozen 
leaves, incubated at 37° C. in the dark, 
45% of the carotene is destroyed by en- 
zymic action in 2 hours, but the remain- 
ing carotene is stable. Our results indi- 
cate that both the photodestructive and 
the enzymic processes are important in 
accounting for the losses of carotene 
which occur in field-curing of hay. 

3. As a leaf dries out, the cells in the 
margin of the leaf suffer injury or death 
first, and carotene destruction is initi- 
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ated in progressively increasing numbers 
of cells. In tests of the enzymic destruc- 
tion of carotenoids in leaves held at 
given moisture contents, maximum de- 
struction of the pigments was found in 
leaves which had lost 80-95% of their 
water by predrying. In completely de- 
hydrated leaves, no enz3nnic destruction 
of carotenoid pigments occurred. Photo- 
destruction also becomes progressively 
greater in leaves which have decreasing 
moisture contents and reaches a maxi- 
mum when about 68—80% of the water 
had been lost by predrying. Completely 
dehydrated leaves show a low but dis- 
tinct rate of photodestruction. 

4. Enzymic destruction, in the time in- 
terval used, is at a maximum at approxi- 
mately 37° C. and decreases at higher 
temperatures. The temperature coeffi- 
cient (Qio) for enzymic destruction is 
1.6-1.7 between 4° and 25° C., and is 
1. 2-1. 3 for the photodestructive process 
between 24° and 64° C. 

5. Atmospheric oxygen is essential for 
enzymic destruction of carotenoids. In 
an atmosphere containing 0.02% oxygen 
or less, enzymic destruction does not 
occur. Photodestruction is also influ- 
enced by atmospheric oxygen, and the 
rate of photodestruction is proportional 
to the logarithm of oxygen concentration 
from about 0.5 to 20% oxygen. Below 
0.5% oxygen, further decreases in oxygen 
tension do not appear to influence photo- 
destruction appreciably. It is suggested 


that some cellular constituents can re- 
place atmospheric oxygen in the photo- 
destruction of the carotenoid pigments 
or that the carotenoids are destroyed by 
photoreduction in the absence of o.xygeii. 

6. Photodestruction of carotenoids is 
roughly proportional to light intensity up 
to approximately 300 foot-candles. Al- 
though photodestruction continues to 
increase at higher light intensities, the 
relationship is not the same as at low 
light intensities. Photodestruction has 
been shown to occur equally well in 
orange, yellow-green, and blue light, 
proving that the light energy is not ab- 
sorbed directly and exclusively by the 
carotene. The influence of chlorophyll 
content has been investigated. The 
photodestruction of carotenols was found 
to be as great in etiolated leaves (having 
only 1-2% of the chlorophyll content of 
normal green leaves) as in green leaves. 
Furthermore, photodestruction occurred 
in orange hght as well as in blue light in 
the etiolated leaves. 

7. Naturally occurring antioxidant (s) 
have been demonstrated in bean leaves. 
An induction period is noted in the 
photodestruction of carotenols. 

The authors are grateful to Dr. R. A. 
Whitmore for his advice in the calibra- 
tion of the thermopile used in the light- 
quality studies. 

Department of Botany 
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SELECTION AND BREEDING FOR HIGH i8-CAR0TENE 
CONTENT (PROVITAMIN A) IN TOMATO^ 

GEORGE W. KOHLER,"' RALPH E. LINCOLN, J. W. PORTER, F. P. ZSCHEILE,-^ 
RALPH M. CALDWELL, R. H. HARPER, AND WAYNE SILVER^ 


Introduction 

In the summer of 1942 a survey for 
jS-carotene content (provitamin A) was 
made of 240 varieties, wild t>pes, and 
hybrids of four species of tomato (Zyc^- 
persicon ) . The results, showing very 
high / 3 -carotene content in certain hy- 
brids, were reported in 1943 (i). Subse- 
quent work has been directed toward 
genetic stabilization of hybrid material 
with high jS-carotene content and the 
development of corresponding commer- 

^ Journal paper no. 286 of the Purdue University 
Agricultural Experiment Station. This investigation 
was supported in part by a grant from the Nutrition 
Foundation, Inc., and is a joint contribution of the 
departments of botany and plant pathology and 
of agricultural chemistry. 

2 Deceased, formerly Assistant Geneticist; 3 for- 
merly Associate Chemist; formerly Technical 
Assistant, 


cial-type varieties. The results of these 
efforts are reported in this paper. 

Methods 

Fruits were grown, sampled, and ana- 
lyzed as described in detail in a previous 
publication (2). In brief, representative 
fruits were homogenized in a Waring 
blendor, and a weighed aliquot was ex- 
tracted with acetone and hexane (75 : 60) . 
Acetone was removed by washing with 
water. Xanthophylls and esters were re- 
moved with 90% methanol and 20% 
KOH in methanol. Spectroscopic read- 
ings (for / 3 -caroteiie and lycopene de- 
terminations) were made directly on the 
resultant hexane solution. Check values 
for iS-carotene content were obtained by 
chromatographic separation and spec- 
troscopic analysis. 
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Results 

Discovery and selection of 

HIGH |8-CAR0TENE LINES 

The survey in 1942 of red- and yellow- 
fruited species of Lycopersicon did not re- 
veal any selections remarkably high in 
/ 3 -carotene content. In this survey the 
156 red- or yellow-fruited selections, rep- 
resenting the species L. esculentum and 
L. pimpinelUfoUmn^ possessed a / 3 -caro- 
teiie concentration ranging from i.o to 
19.2 7/gm. and a lycopene content 
ranging from 0.8 to 463.0 7/gm. on the 
fresh-weight basisA The 23 commercial 
varieties included in the above selections 
ranged near the mean of all observations. 
As determined at that time and in later 
studies, the green-fruited species L. peru- 
vianum and L. hirsutum were very low in 
carotenoids, ranging from 0.7 to 3.6 
7/gm. of jS-carotene and from zero to 
1.4 7/gm. of lycopene. 

Although the survey of the species and 
varieties revealed a few selections of 
promise as parental material in breeding 
for high / 3 -carotene content, a much bet- 
ter selection was obtained from the back- 
cross [Baltimore X Fi (Rutgers X L, hir- 
sutum P.I. 12644s)]. The latter con- 
tained three and a half times as much 
i( 3 -carotene (67.5 7/gm.) as the highest 
of the red- or yellow-fruited selections. 
Also, it contained nine times as much 
j6-carotene as the highest, and thirteen 
times as much as the average, of the com- 
mercial varieties. 

Selection 4079-5012 is a single-plant 
selection from the F3 population 
[Indiana Baltimore X Fi (Rutgers X L. 

126445)] that has been used ex- 
tensively as a high / 3 -carotene parent. 
The original selection is small-fruited and 
of poor quality and low yield. The fruit 
size and carotene content of this selec- 

s Gamma (7) is equivalent to microgram. 


tion are given in table i. The total caro- 
tene fraction includes lycopene. Included 
in the same table are the results of fur- 
ther selection in later generations for 
high / 3 -carotene content. Of eighteen 
progeny plants analyzed in the F4 gener- 
ation in 1943, plant no. 9 contained the 
highest content of / 3 -carotene. Fg and Fe 
progenies derived from this plant also 
contained high concentrations of / 3 -caro- 
tene. The selection within line 4079-5012 
indicated that the factors primarily re- 
sponsible for high / 3 -carotene content 
were fixed relatively early in the selec- 
tion process, but apparently factors with 
minor influences on the jS-carotene con- 
tent may still be heterozygous. 

Transfer of high /3-carotene to 

COMMERCIAL TYPES IN THE 
BREEDING PROGRAM 

When the selection 4079-5012 was 
used in crosses with Baltimore, Indiana 
Canners strain (cross 4360), fruits of the 
Fi plants were intermediate or low in 
percentage and content of / 3 -carotene 
(table 2). In the Fa, however, high / 3 - 
carotene selections were recovered. The 
frequency with which high / 3 -carotene 
lines were obtained from crosses suggests 
that the number of major factors neces- 
sary to obtain high 46-carotene content, 
in addition to those present in Indiana 
Baltimore, is small. In the F3 generation 
of cross 4360, in which selections were 
made only for the largest-fruited types, 
the recovery of high / 3 -carotene lines was 
not so great as expected from the prior 
work on selecting within line 4079-5012 . 
However, / 3 -carotene has been increased 
to 83 7/gRi' iH selections with fruit size 
equal to that of many commercial varie- 
ties but somewhat smaller than that of 
the recurrent commercial parents used 
in this program. 
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A second selection, 4079-5016, has 
proved better than 4079-5012 in trans- 
mitting fruit size to its progenies. This 
selection has been used extensively in 
crosses with Rutgers variety. Data are 
presented in table 3 on the fruit size and 
d-carotene content of selection 4079- 


5016, of Rutgers, and of selections within 
the Fi and generation of crosses be- 
tween Rutgers and 4079-5016. It is ap- 
parent that fruit size in cross A4408 is 
equal to Rutgers in many selections and 
that / 3 -carotene content averages about 
twelvefold that of the Rutgers variety. 


TABLE 1 


/J-Carotene content of fruits in advanced generations 
OF selection 4079-5012 






I C.AROTENE FR.ACTION 

Year 

Cross 

Gener.\- 

xroN 

Fruit 

WEIGHT 


/S-carotene 



(GM.j 

Total 







(T/gni.) 

% 

7 /gni. 

1942 

4079 - 5 or 2 *t 

F, 

16 

66 

73 

49 

1943 

4079-5012- i*t 

D 

22 

48 

83 

40 


3 


24 

71 

13 

10 


5 


30 

94 

14 

13 


7 


24 

64 

15 

10 


9-' 


IS 

85 

93 

79 


II 


51 

59 

62 

37 


13 


33 

84 

82 

34 

27 


15 


82 

21 

17 


17 

Mean of i S 


24 

28 

S6 

63 

92 

SS 

SI 

3 S 

1944 

4079-5012-9- if 

F, 

21 

61 

92 

S6 




22 

no 

97 

107 


i 5 


27 

76 

98 

74 


■ 7 


IS 

S3 

94 

78 


1 . 9 1 


21 

IIS 

96 

107 


! II 


28 

71 

96 

69 


. . 13 i 


3 S 

120 

96 

115 


.IS 


20 

90 

97 

87 


17 1 


20 

101 

97 

98 


19 i 


22 

87 

96 

83 


21 j 


13 

58 

93 

S 4 


: 23 

1 

24 

100 

96 

96 


25 


24 

Si 

97 

79 


Mean of 25 


23 

88 

96 

84 

1945 

4079-501 2-9-9- xt 

Mean of 1 2 

F6 

23 

1 01 

88 

89 


4079-501 2-9-1 i-Xf 
Mean of 10 

F^ 

29 

00 

04 

94 

77 


4079-501 2-9-13-Xt 

Mean of 12 

Ffi 

34 

92 

82 

79 


* Indicates average value of more than one analysis, 
t Parentage: [Baltimore X Pi (Rutgers X L. hiysuium P.I. 126445)]. 



TABLE 2 

/ 3 -CAROTENE CONTENT OF FRUITS OF B^ALTBIORE AND OF Fi, F2, AND F, 
GENERATIONS OF CROSS OF BALTIMORE WITH HIGH 

/ 3 -carotene selection 


Year 


1942 

1943 

1945 

1943 


Cross 


1944 


194 s 


Baltimore (mean of 5) 
Baltimore (mean of 17) 
Baltimore (mean of 9) 

4360- 2* 

4 

6 

8 

10 

12 

14 

16 

Mean of 16 

4360-16^ 

6 

9 

12 

15 

18 

23 

27 

30 

33 

36 

39 

42 

45 

46 

48 
51 

54 
57 
62 
65 

Mean of 65 

43 60-16-3- 1 

2 

3 

4 

4360-16-6-1* 

2 

3 

4 

5 

6 

7 

8 

4360-16-45-1* 

2 

3 

4 

4360-16-62-1* 

3 

5 
7 

Mean of 10 


Genera- 

tion 


P 

P 

P 

F. 


Fa 


Fruit 

WEIGHT 

(gm.) 


179 

136 

215 

130 

55 

35 

18S 

54 

52 

44 

21 

68 

70 

92 

70 

74 

35 

88 

86 

84 

48 

47 

137 

37 

39 

39 

142 

26 

51 

44 

72 

69 

44 

62 

131 

159 

57 

116 

90 

194 

179 

125 
64 

119 

141 

129 

107 

126 

i8s 

95 

125 

77 , 

III 

122 

70 

IIS 


Carotene fraction 


Total 

(y/gmj 


63 

64 

So 

28 

67 

66 

lOI 

34 

45 

65 
86 
63 

95 

81 

lOI 

56 

56 

70 

90 

88 

55 

78 

54 

43 

51 

53 

58 

77 

61 

113 

72 

87 

98 
75 

90 

88 

109 

99 

112 

39 

52 

1 13 

74 
104 

88 

75 
70 
69 

74 

116 

81 

85 

104 

87 

118 

82 


/3-carotene 


* Parentage of cross 4360: Baltimore 
L. mrsutum P. 1 . 126445)]. 


X F3 selection 4079-5012. 


% 

7/gm. 

9 

6 

9 

6 

4 

3 

70 

20 

9 

6 

35 

23 

6 

7 

58 

19 

50 

22 

II 

8 

59 

SO 

40 

22 

96 

91 

91 

73 

92 

92 

46 

26 

n 

39 

44 

31 

40 

36 

32 

28 

40 

22 

53 

41 

28 

15 

71 

30 

49 

45 

44 

23 

87 

SO 

36 

28 

25 

16 

5 

6 

44 

32 

36 

31 

84 

82 

52 

39 

45 

46 

46 

41 

94 

103 

10 

10 

21 

14 

24 

17 

90 

46 

45 

49 

83 

61 

80 

83 

18 

16 

37 

28 

23 

9 

54 

37 

41 

'■ 22 ■ 

21 

2S 

28 

23 

20 

17 

9 

9 

30 

26 

14 

16 

22 

17 


4079-S012 = [Baltimore X Fi (Rutgers X 
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Interrelationship oe /3-carotene, 
LYCOPENE, AND COLOR 
In the selections of high / 3 -carotene 
content the mean concentrations of the 
total carotenes, calculated as the sum of 
the concentration of lycopene and /3- 


carotene, have not been increased over 
that of Rutgers and Baltimore (tables 2, 
3). It appears that the increased concen- 
tration of jS-carotene has occurred at the 
expense of lycopene — the carotene pri- 
marily responsible for the red fruit color 


TABLE 3 

/3 -Carotene content of fruits of Rutgers, of selection 4079-5016, and of 

Fi AND F2 GENERATON OF CROSSES BETWEEN THESE TWO PARENTS 

Carotene fraction 


Year 

Cross 

Genera- 

tion 

Fruit 

WEIGHT 

(gm.) 

Total 

^-carotene 





(7/gm.) 

% 

7/gm. 

1942 

Rutgers 

P 

255 

56 

7 

1 

1943 

Rutgers (mean of 5) 

P 

125 

60 



1944 

Rutgers (mean of 3) 

P 

235 

77 

3 

0 

2 

I 94 S 

Rutgers 

P 

252 

98 

< I 

< I 

1942 

4079-5016* 

F., 

66 

45 

54 

26 

1943 

4079-5016-2* 

F4 

122 

27 

93 

25 

1944 

4408-1 *t 

Fx 

160 

45 

II 

5 


2 


77 

78 

47 

37 


3 


122 

94 

9 

8 


4 


I7I 

53 

41 

22 


5 


91 

77 

37 

29 


6 


154 

53 

12 

6 


7 


138 

91 

8 

7 


A44o8-it 

Fx 

123 

73 

46 

34 


2 


88 

85 

9 

8 


3 


138 

103 

3 

3 


4 


151 

86 

12 

II 


5 


III 

1 14 

2 

2 

1945 

4408-2- Xt(mean of 29) 

F2 

III 

83 i 

37 

23 


4408-4- Xf (mean of 8) 

Fa 

213 

77 

33 

26 


4408-5- Xt(mean of 46) 

Fa 

147 

86 

27 

22 


I 

0 

Fa 

132 

53 

72 

38 


4 


177 

81 

81 

66 


6 


176 

75 

54 

40 


8 


206 

83 

61 

56 


10 


214 

104 

< I 

< I 


12 


148 

79 

4 

3 


14 


141 

107 

8 

8 


16 


187 

70 

32 

20 


18 


167 

72 

45 

32 


20 


242 

96 

36 

35 


22 


202 

77 

87 

66 


24 


165 

69 

46 

32 


26 


134 

82 

38 

31 


28 


133 

1 18 

2 

2 


30 


264 

147 

10 

IS 


32 


220 

88 

44 

40 


34 


134 

92 

18 

17 


36 


165 

63 

37 

42 


38 


121 

82 

S 

4 


Mean of 38 


180 

8i 

39 

39 


* Parentage: [Baltimore X Fi (Rutgers X L. P.I. 126445)1. 

t Parentage; Rutgers X P4 selection of 4079-5016-2. 
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in most varieties of tomatoes. Conse- 
qiiently, fruits containing a high con- 
centration of / 3 -carotene are of deep 
orange tolor. However, analyses of 
orange and orange-yellow varieties cur- 
rently on the market, such as Jubilee and 
Tangerine, have shown them to be no 
higher in / 3 -carotene content than the 
standard red-fruited varieties. Their 
orange color is due largely to isomers of 
lycopene which do not have vitamin A 
activity. 


/ 3 -carotene per gram of fresh fruit have 
been obtained. 

Relative value oe tomatoes as a 
SOURCE OR provitamin A IN 
HUMAN DIET 

The i^-carotene content of several 
vegetables commonly recommended as 
excellent sources of provitamin A in the 
human diet is given in table 4. As a 
source of provitamin A, tomatoes se- 
lected for high / 3 ~carotene content are 


TABLE 4 

/5~CAR0TEN£ content OF SOME VEGETABLES RECOMMENDED 
AS EXCELLENT SOURCES OF PROVITAMIN A 


Veget^abie 


j(3- Carotene (t/gm .) 


Carrot*. 

Spinach* 

Sweet potato* 

Squash, winter*. 

Tomato, commercial* 

Tomato, high / 5 -carotene selection. 


Fresh 

Dry 

90 

goof 

54 


44 

I20t 

7 


7 

I2o| 

83 

1 200 


*** Values calculated from data presented in Tables of Food Composition, pub- 
lished by Committee on Food Composition, National Research Council, 
t Values on dehydrated product. 
t Assume approximately 6% dry matter. 


All fruits analyzed in the breeding 
project have been classified for color. 
Generally, when the / 3 -carotene content 
is greater than 35% of the total carotene 
pigments present, the fruit is classified 
as orange. Fruits of characteristic tomato 
redness are relatively low in / 3 -carotene 
content, at least 65% of the carotenes 
present being lycopene. Because of pres- 
ent consumer demands for red tomatoes, 
work is being directed toward developing 
commercial varieties not only of the high- 
est possible / 3 -carotene content (orange- 
colored) but also of the highest possible 
(S-carotene content compatible with red 
fruit color. At the present time, red selec- 
tions containing approximately 30 7 of 


about equal to carrots and will surpass 
most other foods on a fresh- weight basis. 
When determined on the dry- weight 
basis, the superiority of these high id- 
carotene selections as a source of provi- 
tamin A in the diet becomes even more 
marked. 

Summary 

I. High / 3 -carotene concentration in 
tomato fruits has been obtained from se- 
lections of the cross [Baltimore X Fj 
(Rutgers X L, hirsutum P.I. 126445)], 
One selection from this backcross genera- 
tion produced an average content of 
loi 7/gm. of crude carotene, of which 
88% occurred as / 3 -carotene. 
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2. Large-fruited,, high jd-carotene se- 
lections have been obtained, by further 
backcrossing to commercial varieties, at 
a frequency great enough to suggest that 
the number of major factors necessary 
to obtain high ^S-carotene, in addition to 
those present in commercial varieties, is 
small. 


3. jd-Carotene appears to be produced 
at the expense of lycopene, since the to- 
tal carotenoid concentration in the high 
id-carotene selection is not increased over 
that of the red, low id-carotene parent. 

AGRICULTUR.A.L Experiment Station 
Purdue University 
Lafayette, Indiana 
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TEMPERATURE COEFFICIENTS OF CELL ENLARGEMENT^ 

MARIAN DELLERS CHAO AND tV. E. LOOMIS 


Introduction 

Cell enlargement has been generally 
regarded as a relatively simple process 
involving little or no synthesis of proto- 
plasm, with the increase of cell volume 
resulting from absorption of water 
through osmotic or imbibitional forces. 
Thut and Loomis (9), however, ob- 
served that the growth rates of several 
plants showed the temperature coef- 
ficients of chemical reactions. Even the 
final growth of leaves of Ricinus com- 
munis nearly 40 cm. wide showed a tem- 
perature coefficient of 2.0 or more, and 
this in spite of the bright sunlight and 
lower daytime humidity which accom- 
panied the higher temperatures. Osmosis, 
and at least certain types of imbibition, 
acting alone would show the temperature 
coefficients of physical reactions with Q^o 
values just above i.o, where 


Qiq — 


Rate at / + 10° C. 
Rate at fC, 


^ Journal paper no. J-1430 of the Iowa Agricul- 
tural Experiment Station. Project no. 67S. 


Qjq values of 2.0 or more are taken as evi- 
dence that chemical reactions of some 
sort are limiting for the over-all process. 
. The data presented here support the 
thesis that the enlargement of individual 
cells, or the enlargement of organs in 
which cell number is no longer increasing, 
is limited by chemical processes, either in 
the protoplasm, in the cellular mem- 
brane, or in the cell wall. 

Experimentation 

Dandelion scapes.— Excised sections 
of young scapes of Taraxacum officinale^ 
taken from directly beneath small buds, 
were grown in nonsterile solutions of 
sucrose and indoleacetic acid (lAA). The 
solutions were allowed to reach the ex- 
perimental temperatures before the sec- 
tions were inserted. Wliole scapes, to- 
gether with the attached buds, were 
brought into a cold room for preparation. 
Sections i cm. long from each of ten 
scapes were cut and immediately placed 
in 25 ml. of solution in a Petri dish at 
the experimental temperature. Solutions 
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weie changed daily, and bacterial growth 
was very slight, the solutions remaining 
dear and no tissue degeneration becom- 
ing apparent within 4-day test periods, 
remperature coefficients were calculated 
for cell elongation. Coefficients for inter- 
vals other than 10° were obtained with 
the formula 

Cio = Qna ~ (Qn)^, 

where n is the actual temperature inter- 
val studied and c is equal to lo/n. 

TABLE 1 

ELOxVGATION of excised, r-CM. SECTIONS 
AND OF EPIDERMAL CELLS OF DANDE- 
LION SC.APE DURING 96 HOURS 


Tempisrature 
r c.) 


I % SUCROSE + 

1.5 MG. I A A/liter 

Distilled 

WATER 

Increase 
in sec- 
tion 
length 

Increase 
in epi- 
dermal 
cell 
length 

Increase 
in sec- 
tion 
length 

Increase 
in epi- 
dermal 
cell 
length 

I.ISX* 

1 I.02X 

103X 

! r.oiX 

I.22X' 

I.27X 

I.08X 

0.99X 

I.31X 

I.17X 

I. 23 X 

I. iiX 

I.90X 

I.56X 

I.26X 

I. 24X 

2.I0X 

I.83X 

I.42X 

I- 37 X 

2.20X 

I.90X 

I.40X 

1.22X 

2.25X 

I.71X 

I.44X 

I. riX 


* Each figure is average of ten sections or of eighty cells. 

Growth studies had shown that such 
sections of scapes would elongate two to 
three times in 4 days at room tempera- 
ture in Aese solutions, with concentra- 
tions of indoleacetic acid ranging from i 
to 10 mg./l. and sucrose present in 1% 
concentration. As much as 50% elonga- 
tion occurred, even in distilled water. 
The elongation of sections and of epi- 
dermal cells of sections of scapes after 96 
hours in lAA-sucrose solution and in dis- 
tilled water at various temperatures is 
shown in table i. Even cooled sections 
placed in a pre-chilled solution at 0° C. 
showed a small but definite elongation. 


In lA.A-sLicrose solution it is doubtful 
if any cell division occurred at o° or 5° C. 
At^ temperatures from 10° C. through 
30° C., however, the average increase in 
epidermal cell length was less than the 
increase in section length, and it is prob- 
able that some cell division was occur- 
ring. Since the ratio of the increase of epi- 
dermal cell length to the increase of sec- 
tion length remained nearly constant 
within this temperature range, however, 
higher temperatures apparently in- 
creased the rate of cell elongation to the 
same e.vtent that they increased the rate 
of cell division. 

The temperature coefficients of elonga- 
tion of the sections and of the epidermal 
ceils in lAA-sucrose solution during the 
96-hour test period are shown in table 2. 
From o to 20° C., these ()„ values ranged 
from 1.7 to 4.1 for section and from 2.1 to 
8.5 for cell elongation. The coefficients 

TABLE 2 

Temperature coefficients of elongation 

01 EXCISED SECTIONS AND OF EPIDERMAL 
CELLS OF DANDELION SCAPE 


Temperature 

1 % SUCROSE -}- 

1.5 mg. I a A/liter 

Distilled 

WATER 

C C.) 

Qta for 
sections 

Qxo for 
cells 

Qio for 
sections 

Qso for 
cells 

o-io 


8.5 


— 

5-15 

.1 . 7 

7-7 

II. 0 

10-20 

4 . 1 

3.5 

1-3 

1. 1 

2 , I 

3-2 

1.8 

24.0 

15-2 V . . . 

4.9 

1.6 

0.9 

3-4 

20-30. 

1-5 

I.O 

0.9 

0.3 


for cells are based on increase in average 
cell length as obtained by direct measure- 
ments of eighty cells in each lot with an 
eyepiece micrometer. They are thus 
minimum values, since any cell division 
would decrease the average cell length. 
These high temperature coefficients indi- 
cate that chemical reactions of some type 


1947 ] 


CHAO & LOOMIS— CELL ENLARGEMENT 


227 


were limiting influences in the elongation 
of cells of the scape. 

In distilled water scape sections 
showed a smaller but unmistakable elon- 
gation (table i). It is not clear whether 
cell division occurred during the 4-day 
growth period in water, although at tem- 
peratures of 25° C. and 30° C. the data 
suggest that it did. In general, the elon- 

TABLE 3 

Elongation of excised, i-cm. sections and 
OF epidermal cells of dandelion scape in 
1% SUCROSE solution CONTAINING 5 MG. 
lAA PER LITER 


TEilPER-^TURE 

(°C.) 

j 

24-HOUR PERIOD 

36-HOUR PERIOD 

Increase 
in sec- 
tion 
length 

Increase 
in cell 
length 

Increase 
in sec- 
tion 
length 

Increase 
in cell 
length 

0.5 

i.ioX* 

1 . 38 X 

1 . 12 X 

i.ooX 

S-o 

I-I3X 

I-32X 

I. 25 X 

1 I. 02 X 

10. 0 

1 . 27 X 

1 . 14 X 

I. 26 X 

' 1 . 26 X 

14.0 

1 . 50 X 

1 . 66 X 

I. 50 X 

1 . 17 X 

20.5 ( 2 I. 0 )t 

r. 6 oX 

1 . 70 X 

I. 60 X 

I. 81 X 

23*0 

I.S3X 

1 . 81 X 

I. 48 X 

1 . 74 X 

27.0 ( 28 . 0 ) . 

r. 87 X 

1 . 92 X 

r.78X 

I. 90 X 

31.0 ( 32 . 0 ). 

1 . 60 X 

1 . 99 X 

1 I-93X 

2 . 22 X 

35 . 0 ( 34 . 0 ). 

1 . 53 X 

I-33X 

1 . 65 X 

1 . 88 X 


* Each figure is average of ten sections or of eighty cells, 
t Values in parentheses are temperatures during 36-hour 
test where they differed from those of 24-hour test. 


gation in distilled water was much less 
than in the lAA-sucrose solution, and it 
is more difficult to distinguish the effects 
of temperature from the natural varia- 
tion in the scapes. Nevertheless, high 
temperature coefficients of cell elonga- 
tion were found from o° to 20° C’, (table 
2), even in the absence of an external 
source of sucrose and auxin. 

To reduce the possibly complicating 
effects of cell division in the excised sec- 
tions, a second group of experiments was 
completed in periods of 24 and 36 hours 
(table 3) . During these shorter periods no 
evidence of cell division was obtained, 
cell elongation being of the same magni- 


tude as section elongation, within the 
limits of variability of the materials used. 
In the range from o® to 20° C., the tem- 
perature coefficients (table 4) were again 
above 2.0 in both experiments, indicat- 
ing that the limiting process or processes 
at these temperatures were chemical. 
The drop in the growth rates at tempera- 
tures above 20"^ C., with less actual 
growth above 30^ to 32° C., is probably 
related to a low optimum temperature 
for growth but may be aftbcted also by 
high respiration and low rates of gas ex- 
change in the partially submerged sec- 
tions. High temperatures caused injury, 
as indicated by loss of turgidity and dis- 
coloration of scape sections, at tempera- 
tures above 32° C. 

Castor bean leaves. — It is reason- 
ably certain that cells are no longer di- 
viding in nearly grown leaves of Ricinus 

TABLE 4 

Temperature coefficients of cell elonga- 


tion IN SECTIONS of DANDELION SCAPE IN 
SUCROSE-IAA solution (CALCULATED FROM 
CHANGES IN SECTION LENGTH) 


, Temperature range (° C.) 

0- 

(24-hour 

period) 

Q^. 

(36-hour 

period) 

d 

d 

7 

d 

2.84 

■ 2 . 16 

5-o-H-o 

4*45 

2. 16 

10,0-20.5 (10. 0-21.0). • • • 

2.13 

2.14 

14.0-23.0. 

1.07 

0,96 

20.5-27.0 (21 .0-2S.0). . . . 

1-77 

1-45 

23.0-31.0 (23.0-32,0) 

1. 17 

2.09 

27.0-35.0 (28.0-34.0). . . . 

0.54 

0-73 


communis and that expansion of the 
blade in such leaves occurs through en- 
largement of cells only. The temperature 
coefficients of cell enlargement can thus 
be obtained from the rates of leaf growth 
at different temperatures. Young plants, 
which had been grown in large pots in 
the greenhouse, were placed in constant- 
temperature incubators in darkness. 
The data of table 5 show th^ enlarge- 
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ment of nearly grown leaves at three 
temperatures. Growth rates were satis- 
factorily high during short periods in the 
dark but tapered off sharply when the 
plants remained without light for longer 
intervals. The values (table 6) in both 
temperature ranges were high (2.0-f ) in 
all three experiments, except in the 22°- 


28 ^ C. range of the first e.xperiment, in 
which moisture may have been limiting 
(6). In general, these results seem to con- 
firm the findings of Thut and Loomis 
(9) that expansion of such leaves shows 
high temperature coefficients, suggestin 
the importance of chemical processes ! 
ceil enlargement. 


TABLE 5 


Enlargement of castor 


bean leaves at three temperatures 


Temi>erature 

r c.) 

j Experiment I 

Experiment II 

First 
period 
(9 hours) 

Second 
period 
(15 hours) 

Third 
period 
(ii hours) 

First 
period 
(14 hours) 

Second 
period 
(11 hours) 

10 i 

22 1 

0. 21* 
0,90 

0.30 

o.So 

0.82 

0.05 

0. 22 j 

0, 18 

28 i 

0-33 1 

1.90 

0-34 1 

0.50 1 

1 

0. 96 

0.30 j 

2.72 


Experiment III 
(17 hours) 


o, 17 

0.6s (20° c.) 
2 . 66 (30° c.) 


Plante^“'’ of lengths of five 


main veins of a nearly grown leaf on each of three 


table 6 


T^ATURE COEFFICIEXWS OF ENLARGEMENT OF CASTOR BEAN LEAVES 


Temperature 

r c.) 

Experiment I 

— liliAlN LE 

Exi^eriment II 

aves 

First 
period 
(9 hours) 

Second 
period 
(is hours) 

Third 
period 
(11 hours) 

First 
period 
(14 hours) 

Second 
period 
(11 hours) 

Experi- 
ment III 
(17 hours) 

10-22(10-20). 

22-28 (20-30). . 

3-35 

■ 2.26 

4.79 

5. II 

1.64 

2.94 

3.82 

4^09 




1.03 

0.85 

2-59 


TABLE 7 



aq 
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Bean iiYPOcoTYLS.—Tlie growth of 
hypocotyls of Phaseolus vulgaris at dif- 
ferent temperatures was observed in 
small seedlings which had been ger- 
minated in the dark in sand, marked into 
uniform regions with India ink, covered 
with black paper cones to exclude light, 
and placed at temperatures ranging from 
5° C. to 35^ C. It was determined that 
cell division in the h3rpocotyl was limited 
to the upper 2-3 mm. (section i). By cal- 
culating the rates of section elongation 
in regions of the hypocotyl in which cells 
were no longer dividing (sections 2 
through s), the influence of temperature 
on cell elongation was measured (table 
7). Each section was 4 mm. in length at 
the beginning of the 24-hour test period. 
In general, maximum elongation of the 
sections occurred at 20° C. 

In sections 2 through 5, in which 
growth was assumed, on the evidence 
from parallel plants, to have wholly re- 
sulted from elongation of cells, high tem- 
perature coefficients were found for the 
ranges 10^-20^ and 1 5^-25'^ C. (table 8). 
The < 2 io values for these ranges were all 
over 2.0. In the range 20^-3 0° C., the 
values were less than i.o, possibly indi- 
cating that cell moisture was not main- 
tained in the exposed sections. During a 
72-hou r growth period, the temperature 
coefficients of section elongation showed 
the same trends. <2io values of cell elonga- 
tion (sections 2--5) were above 2.0 in the 
temperature ranges 10^-20“^ G. and 15^^- 
25° G. In the range 2o°-“30° G., the co- 
efficients on the whole were low (below 
1.0). 

Some of the irregularity of results may 
be attributed to the small number of 
plants used in any one experiment and, 
for the data shown in tables 7 and 8, to 
the exceptional growth made by the 
plants at 20^ G. The conclusion from all 
the experiments, however, is clearly that 


there is a high temperature coefficient for 
cell elongation in bean h}33ocotyl up to 
temperature values of 30° C. 

Discussion 

Ghemical reactions affecting the rate 
of cell enlargement might be localized in 
the cytoplasm, in the cell membrane, or 
in the wall. One of us has shown (3) that 
enlargement in the cells of the cotyledon 
of Brassica oleracea var. italica may be 

TABLE 8 

Temperature coefficients of elongation 

OF MARKED SECTIONS OF BEAN HYPOCOTYL 
DURING A 24-HOUR PERIOD OF GROWTH IN 
DARK 


TEMPEiLA.TtJRE 

RANGE 

(° C.) 

Section 

I 

2 

3 

4 

5 

5-15 ' 

3.00 
10.00 

1. 00 
0.78 
1*33 





10-20 

4*50 

2.00 
0.56 ! 

1.25 




15-25 

20-30 

.25-35 

4.00 ; 
0-33 ^ 
1.25 

3.60 

0.31 

4.72 

2.51 

0.78 

2.05 


checked by a deficiency of soil nutrients 
and be resumed if these elements are 
again made available. At least an in- 
direct effect of a protoplasmic reaction is 
indicated. In the experiments with Ta- 
raxacum scapes reported here, however, 
rapid cell enlargement and some cell divi- 
sion occurred without the further addi- 
tion of nitrogen or other soil nutrient 
elements. Studies with attached dande- 
lion scapes (3) showed that early rapid 
growth was accompanied by a marked 
increase of protein nitrogen per cell but 
that the same fraction decreased on a per 
cell basis during the second spurt of 
growth at the time of fruit maturity. It 
thus seems probable that any relation- 
ships between protoplasm synthesis and 
cell enlargement are indirect rather than 
direct. The relationships shown by 
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Avery al. (i, 2) between protein syn- 
thesis and hormone synthesis could be a 
factor in cell enlargement, and it is prob- 
able that respiratory energy is either a 
directly or indirectly contributing factor. 

Marked temperature effects on the 
shrinking and swelling of plant tissue in 
water have been noted by a number of 
authors. Dele (4), studying the influ- 
ence of temperature on the permeability 
of protoplasm to water, found that the 
permeability of dandelion scape cells to 
water, as measured by rate of tissue 
shrinkage in sucrose solutions, was dou- 
bled or tripled with a 10° rise in tempera- 
ture between 10° and 40° C. Stiles and 
Jorgensen (8) studied the influence of 
temperature on the swelling of potato 
tissue in water and calculated that the 
Qia values for this reaction ranged from 
2.7 to 3.0 between 10° and 30° C. The 
rate of swelling of carrot tissue in water 
within the same temperature range 
showed coefiicients of 1.3-1.6. The proc- 
ess of water intake into potato tuber tis- 
sue was further investigated by Rein- 
DERs (7), who found that absorption of 
water by aerated slices was stimulated by 
indoleacetic acid, the reaction having a 
fto of 2-3. The effect of-temperature on 
the swelling of mature storage tissue is 
probably complex, and even Dele’s ex- 
periments may involve more than simple 
permeability changes. A possible effect i 
of temperature on permeability would i 
seem, however, to be a factor which 1 
should be considered in explaining the i 
effects of temperature on cell enlaree- 
ment. ® l 


Advocates of the theory of growth by 
1 intussusception might be of the opinion 
- that a high temperature coefflcient is evi- 
i dence for this mechanism. Any system of 
. adding cellulose or pectic units to an ex- 
; tending cell wall, however, or any 
i growth-hormone action increasing the 
: plasticity of the cell walls (5), would in- 
• volve enzymatically controlled, chemical 
reactions. The present evidence does not 
justify the choice of any one of them. 

_ Whatever reaction or group of reac- 
tions may prove to be concerned, the 
data obtained indicate that chemical re- 
actions are generally limiting for cell- 
enlargement processes. Such a conclusion 
does not, of course, eliminate the pres- 
ence of physical forces, but it does indi- 
cate that they are not controlling in the 
tissues studied. 

Summary 

The enlargement of nondividing cells 
of scape sections of Taraxacum officinale 
in a sucrose-hormone solution, of cells of 
attached, nearly grown leaves of Ricinus 
communis, and of hypocotyls of Phaseolus 
vulgaris seedlings, showed the tempera- 
ture coefficients of a chemical reaction 
over temperature ranges between 0° and 
30 C. Such 010 values are taken as evi- 
dence that chemical reactions in the pro- 
toplast and/ or the extending wall, rather 
than the physical processes of osmosis or 
imbibition, are limiting for cell enlarge- 
ment under conditions of an adequate 
moisture supply. 

Iowa State College 

•ViiEs, Iowa 
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RELATION OF LIGHT INTENSITY TO EFFECT OF 2,4-I)ICHLORO- 
PHENOXYACETIC ACID ON WATER HYACINTH 
AND KIDNEY BEAN PLANTS 

WILLIAM T. PENFOUND AND VIRGINIA MINYARD 


In one study on the effect of forma- 
genic herbicides on water hyacinth, we 
utilized the droplet method. The use of 
droplets of the butyl ester of 2,4-dichloro- 
phenoxyacetic acid (2,4-D) in kerosene 
proved very advantageous because of the 
rapid spreading of the droplets, the 
speedy entrance of the material into the 
tissues, and the relatively rapid destruc- 
tion of the organism. Tests with droplets 
of kerosene alone showed only a very 
slight necrosis at the site of application. 

In one experiment much greater epi- 
nasty of leaves and subsequent necrosis 
developed in the laboratory than in full 
sunlight. Thinking that light intensity 
might be a determining factor, we treated 
sets of plants in the laboratory, under a 
table out of doors, and on top of a table 
out of doors. In a somewhat different ex- 
periment leaves of parent plants having 
three offshoots were treated in the labo- 
ratory and under field conditions. In 
both experiments the plants were similar 
in size and were removed from the same 
habitat (tubs in full sunlight) just prior 
to application of the herbicide and trans- 
ferred to the experimental condition de- 
sired. With all treatments the same pi:;. 


pette was used in order to obtain uni- 
form droplet size and the same concen- 
tration (1000 p.p.m.) of the herbicide. 
Each plant was treated with four drop- 
lets, one on each of four different leaves, 
giving a total of 200 /x gm. per plant. 

Daily observations were made on the 
degree of epinasty and on the percentage 
destruction. The results on water hya- 
cinth (table i) include the data at the 
end of the experiments (14 days) only. 
Greater epinasty and much greater 
necrosis occurred in shaded conditions, 
whether small, medium, or large plants 
were employed. Complete destruction 
did not occur in any plants in full sun- 
light, although several leaves of small 
plants exhibited considerable necrosis. 
In the shade the parent plant was killed 
quickly, and all the offshoots showed 
considerable necrosis by the end of the 
experimental period. In full sunlight, 
however, only a few leaves of the parent 
plant were killed, the offshoots not only 
being uninjured but increasing in num- 
ber by 300%. 

It is obvious that these observations 
concerning the apparent influence of 
light on the responses of water hyacinth 
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to the butyl ester of 2,4-0 in kerosene 
differ conspicuously from those of Mitch- 
ell and Brown (i) and Weaver and 
De Rose (2). Mitchell and Brown 
found that no bending of the stems oc- 
curred when leaves of snap bean plants 
growing in darkness or in shade were 
treated with aqueous solutions of 2,4-D 
in Carbowax 1500. Weaver and 
De Rose found that “most stem curva- 
ture occurred in plants growing in the 
light” when Red Kidney beans were 
treated with the ammonium salt of 


with four drops of the butyl ester of 
2,4-0 in kerosene at a strength of 1000 
p.p.m,. The starch-present and starch- 
free plants were then divided into three 
groups of four plants each, these groups 
being disposed on the same table and 
exposed to light as follows; (4) by a 
wdndow with a southwest exposure; (B) 
in diffuse light; and (C) in darkness. The 
treatments under each light condition 
were as follows: (a) control; and two 
drops each on {b) cotyledons, (c) primary 
leaves, and (d) primary leaves of plants 


TABLE 1 


^’4 '^ I*''’ kerosene (four drops of 1000 P.P.M. 
PER plant) on SMWL, MEDIUM, AND LARGE PLANTS OF WATER HYACINTH IN 


2,4-0. In all our. work, however, the de- 
gree of epinasty and the destruction of 
water hyacinth plants were greater in the 
shaded plants. 

Since it was felt that the greater de- 
struction of water hyacinth in shade 
(versus sunlight) might indicate a spe- 
cific difference, we tested Red Kidney 
beans with the same phytocide. Twenty- 
four plants in the late cotyledon stage 
were potted, allowed to develop for 3 
days, and then divided into two groups, 
one of which was placed in full sunlight 
and the other in darkness for 48 hours. 
Upon testing, a moderate amount of 
starch was found in the leaves of those 
exposed to sunlight, but none was found 
in plants in darkness. Each plant was 
then treated, under identical conditions. 


Epinasty 

Shade 

Sunlight 

Marked 

Marked 

Marked 

Marked 

Marked 
Moderate 
' Slight 
Moderate 


Necrosis (%) 


30 (offshoot) o (offshoot) 


from which cotyledons had been re- 
moved. 

In about 3 hours inrolling was quite 
evident on all treated leaves. In 6 hours 
some bending occurred in the first in- 
ternodes, appearing first on those plants 
in which the cotyledons were treated. 
There was also considerable epinasty or 
hyponasty of the primary leaves, but, 
since bending was either inward or out- 
ward, this phenomenon was not used as 
a measure of phytocidal activity. Local 
necrosis of leaves occurred in about 24 
hours, but general necrosis did not super- 
vene until the third day. We have uti- 
lized the bending of the first internode 
and the death of plant parts as our major 
criteria of phytocidal effectiveness. 

In all cases the controls showed no ab- 
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I normalities, even in darkness. The reac- difference among those in direct^ light, 

tions of plants on which only the cotyle- diffuse light, and darkness except that 
dons were treated were similar to those the starch-free plants in direct light 
of leaf-treated plants except that bending fared somewhat better than the others 
occurred slightly earlier and inrolling of (table 2). With one exception (starch- 
I the leaves developed slightly later. From present plants in darkness) plants in 

; our observations it appears that there is darkness and diffuse light were killed 

no basic difference in phy tocidal reaction more readily than those in direct sun- 
between cotyledon-treated and leaf- light. This checks closely with our experi- 
treated plants with the materials and ence with water hyacinth under both 
dosages utilized. Removal of the cotyle- laboratory and field conditions. 


TABLE 2 

Relation of light to phytocidal effectiveness (on Red Kidney bean 
plants) of butyl ester of 2 ,4 -D in kerosene 


f ^ ' 

; Days aitter 

TREATMENT 

1 

Direc' 

LIGHT 

Diffuse light 

Darkness 

Bending 

Necrosis 

(%) 

Bending 

Necrosis 

(%) 

Bending 

Necrosis 

(%) 


In light before treatment (starch in leaves) 

■ ■■■ ; ■ 

I .... 

10® 

None 

45 ° 

None 

30° 

None 

3 - ■ 

90 

30 

80 

30 

45 

35 

7 ■ 

90 

90 

* 

* 

80 

80 



In darkness 

48 hours bef( 

ire treatment (no starch) 


I . . . 

0 

None 

10° 

None 

30° 

None 

3 - 

20 

10 

180 

70 

90 

30 

7 - 

30 

70 

* 

* 

* 

* 


* Dead, prostrate. 



dons apparently had no elfect whatever The reasons for the difference between 
on the reactions of plants to the phy- our results and those of Mitchell and 
tocide. We are, therefore, presenting BroW'N (i) and Weaver and De Rose 


only the data on the entire plants in 
which the primary leaves were treated 
(table 2). 

Bending occurred in nearly all treated 
plants by the end of the first day (table 
2). With the concentration used, it in- 
creased with time and was followed by 
considerable necrosis by the third day. 
By the end of the seventh day nearly all 
the plants were dead, and there was little 


(2) when using the same or very similar 
species are not entirely clear. We have 
read their reports carefully and are con- 
vinced of the care of their experimenta- 
tion and of the accuracy of their results. 
It is possible that the greater amounts of 
materials used in our experiments (200 jn 
gm. versus 10-50 ju gm. of herbicide per 
plant) may account in part for the differ- 
ence. That the stimulus travels with 
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soluble carbohydrate is called into ques- 
tion, however, since the greatest bending 
and the greatest destruction of our Red 
Kidney bean plants occurred in starch- 
free plants in diffuse light and in dark- 
ness. In one experiment Weaver and 
De Rose found that one drop of an 
aqueous solution of the ammonium salt 
of 2,4-D (1000 p.p.m.) did not induce 
stem curvature when applied to the coty- 
ledons of the soybean except when they 
were scratched. This was not true for our 
Red Kidney bean plants when treated 
with four drops of the butyl ester (1000 
p.p.m.). It is possible that the diversity 
in results was due to a specific difference, 
to the greater total amount of 2,4-D used 
by us, or to the fact that the butyl ester 
penetrated the cotyledons much more 
readily than the ammonium salt. In any 
event, it is certain that the butyl ester 
of 2,4-D in kerosene is effective on coty- 
ledons and in darkness as well as in sun- 
light. These facts may be related to the 
greater penetrating capacity of the 
carrier (kerosene). 

Summary 

I. Water hyacinth plants in shade and 
full sunlight were treated with four drop- 


lets each (1000 p.p.m.) of the butyl ester 
of 2,4-dichlorophenoxyacetic acid (2,4-D) 
in kerosene. 

2. Greater epinasty and much greater 
necrosis occurred in plants under shaded 
conditions than in those placed in full 
sunlight. . 

3. Red Kidney bean plants were 
treated with four droplets each (1000 
p.p.m.) of the butyl ester of 2,4-D in 
kerosene, either on the cotyledons or on 
the primary leaves, and placed in dark- 
ness, in diffuse light, or in direct sun- 
light. 

4. Bending and necrosis were similar in 
cotyledon-treated and leaf-treated plants 
and in darkness, diffuse light, and direct 
sunlight except that survival was some- 
what better in direct sunlight. 

5. It is suggested that the effectiveness 
of the phytocide used in this experiment 
may have been enhanced by the pene- 
trating capacity of the carrier (kero- 
sene). 


University of Oklahoma 
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Growth Regulators for Garden, Field, and Orchard. By 

John W. Mitchell and Paul C. Marth. Chi- 
cago; University of Chicago Press, 1947. Pp. 

129+16 figs. -ps tables. $2.50. 

During the past decade progress in the study of 
the effects of organic chemicals, often referred to as 
synthetic plant hormones or growth-regulating sub- 
stances, has been phenomenally rapid. There is 
scarcely a phase of plant production in which the 
use of growth-regulating substances has not already 
become of significance. The field of their use is al- 
ready a very broad one and is rapidly expanding. 
The future use and application of growth-regulators 
may eventually extend into every phase of plant 
production, storage, and utilization where living 
plants are concerned. 

Up to the present time information concerning 
them has been available only through technical 
papers or a few popular articles widely scattered in 
publications dealing with plant culture. The present 
book is most timely in that it has been written by 
two of the most active contributors on both the the- 
oretical and the applied aspects of the use of growth- 
regulators. It furnishes in the applied field an au- 
thentic summary of the information available up to 
date in clear, direct style and language. Chapters 
are devoted to weed control, vegetative propagation 
and transplanting, the preventing of growth in 
stored plant material, the prevention of premature 
dropping of fruits, the improvement of fruit-set and 
the production of seedless fruit, and a composite 
chapter dealing with other plant responses to these 
compounds. There is a concise and comprehensive 
index. — E. J. Kraus. 


Heredity and Variation in Microorganisms. (“Cold 
Spring Harbor Symposia on Quantitative Biol- 
ogy,” Vol. XI.) Cold Spring Harbor, N.Y.: 
Biological Laboratory, 1946. Pp. 314. $6.00 (plus 
postage). 

The wide scope of this series of papers and the 
intensive treatment afforded each of the many as- 
pects of heredity and variation in micro-organisms 
impose on the reviewer an exceedingly difficult task 
of summation and abstraction; on the other hand, 
the inclusion in the volume of the comments and 
criticisms by those attending the symposium and 
best qualified to criticize relieves him in large part of 
his other important function, that of evaluation. 

The Cold Spring Harbor Symposium of 1946 
comprises, as usual, a comprehensive and up-to-the- 
minute review of the designated field of the biologi- 


cal sciences by its outstanding experimentalists. The 
individual papers are short and concise, and for the 
most part the material is exceedingly well presented. 

.Mthough there is a great diversity of experimen- 
tal work included in this volume, the greater num- 
ber of papers deal with spontaneous and induced 
mutations in fungi, bacteria, and viruses and with 
the use of such mutant strains in the elucidation of 
biochemical processes, pathogenic manifestations, 
etc., in the living cell (or unit). Recent developments 
in the study of genic control of biochemical processes 
in Neurospora are reported by W. D. Bonner and 
Francis J. Ryan. Of particular interest is the rap- 
idly accumulating mass of information on quite com- 
parable phenomena in bacteria and viruses which 
would appear to be due to genic control. Papers by 
E. L. T.atum, Joshua Lederberg and E. L. Tatum, 
Ren]e j. Dubos, Mary I. Bunting, M. Demerec 
and R. Latarjet, S. E. Luria, and Andre Lwoff 
emphasize the similarity, if not identity, of funda- 
mental and intermediate control of synthetic proc- 
esses, metabolic degradations, etc., in bacteria and 
in the higher fungi, where, because of the operation 
of a sexual mechanism, these activities can be shown 
to be under genic control. Viral mutations, originat- 
ing spontaneously or as a result of irradiation, affect- 
ing various characteristic activities of viruses such as 
pathogenicity, lysis ability, plaque form, etc., and 
indicating a similar apparent controlling mechanism, 
are described in papers by Thomas F. Anderson, M. 
Delbruck and W. T. Bailey, Jr., A. D. Hershey, 
and N. W. Pirie. 

Three of the papers dealing with mutations in 
bacteria and viruses — those by Hershey, Leder- 
berg and Tatum, and Luria — present evidence that 
in these lowest organisms there exists a mechanism 
which accomplishes recombination and segregation 
of genetic factors, the results of which are similar to 
those of the Mendelian process in higher forms. 
Along quite different lines a paper by G. Pontecovo 
deals with the applicability and the necessary modi- 
fications of classical genetical analysis and methods 
in the study of heterocaryotic systems in the higher 
fungi and particularly in the Fungi Imperfecti — i.e., 
in ail forms lacking sexual reproduction but com- 
monly showing hyphal fusions and intimate nuclear 
associations. Thus it would appear that the last 
frontiers are falling before the expanding utility of 
genetical techniques in the elucidation of fundamen- 
tal processes. 

The mechanism by \phich the gene controls the 
elaboration, duplication, and activity of complex 
cytoplasmic constituents is the essential feature of 
papers by S, Spiegelman and Carl C. and Ger- 
trude Lindegren. In both of these papers the be- 
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liavior of certain self-duplicating yeast characters, 
which at meiosis do not follow random segregation, 
in respect to genic constitution and environmental 
factors constitutes the bases for hypotheses concern- 
ing the intermediate steps of genic action on the ulti- 
mate activities of the cell. A paper by T, M. Sonne- 
born describes the experimental means by which the 
quantity of a similar (?) self-duplicating cytoplasmic 
factor (kappa of the gene K-kappa-killer substance 
complex) can be altered and also the significance of 
the gene-cytoplasmic factor relationship. The pro- 
duction of distinctive constituents by certain tumor 
ceils is described by John G. Kidd, and the gene- 
piastid relationship and the evidence for plastid 
mutations in higher plants are discussed bj^ M. jVI. 
Rhoades. 

The symposium also includes a number of papers 
of particular interest dealing with the general sub- 
ject of heredity and variation in micro-organisms 
which pertain to matters other than genic mutations 
and gene-cytoplasmic constituent relationships. 
Among these are discussions of the following sub- 
jects: the need for, and difficulties attending the 
development of, a natural system of classification of 
the bacteria, by C. B. Van Niel; variations and in- 
heritance in rust fungi, by T. Johnson; and complex 
reproductive processes in bacteria under certain con- 
ditions of admixture, by L. Dienes. 

A most welcome addition to the symposium, 
while not contributing directly to the chosen topic 
of discussion, is a very understandable description of 
the theory and practice of phase microscopy. 

While this volume will be read, in its entirety or 
in part, with much interest by biologists generally, 
it must surely be considered required reading for the 
students of two large fields of biological endeavor: 
genetics and microbiology. — John R. Rarer. 


An Introduction to Plant Anatomy. By Arthur J. 

Eames and Laurence H. MacDaniels.. 2d ed. 

New York: McGraw-Hill Book Co., 1947. Pp. 

xviiH-427. lilus. $4.50. 

The viewpoint and aims have not changed in this 
new edition of a standard text. The gross organiza- 
tion of the book has remained the same as in the 
first edition except that the chapter on the history 
of plant anatomy has been removed to allow for in- 
clusion of additional descriptive material in the 
other chapters. Reorganization of the individual 
chapters varies from little, where essentially no new 
knowledge has recently come to light, to consider- 
able in those chapters dealing with subject matter 
which has received much additional study during 
the last twenty years. 

Chapters which have undergone most extensive 
‘'modernization” are those on the cell, meristems, 
tissues and tissue systems, periderm and abscission, 
leaf and flower, fruit and seed. 


In the chapter on the cell a brief discussion of in- 
trusive and symplastic growth is found in addition 
to that on gliding growth. The material on wall 
structure has been greatly enlarged in the light of ex- 
tensive research during the last two decades. 

The classification of meristems has been revised, 
and a discussion of the three main theories of struc- 
tural development and differentiation — apical cell, 
histogen, and tunica-corpus — included. Descriptions 
of stem (vegetative), root, and floral apices, pointing 
out similarities and differences among them, should 
be helpful to the student. 

The discussion of phloem anatomy has been 
brought up to date, taking into account the greatly 
increased knowledge in this area. 

Considerably more is now known about the details 
of abscission — the formation, or lack of formation, of 
separation layers, periderms, etc.— than was known 
at the time of the first edition; this information is 
included particularly in the relatively detailed dis- 
cussion of specific forms: Castaneay Catalpa, Beiula, 
and Popidus. 

Revision in the chapter on the leaf deals particu- 
larly with leaf ontogeny. Discussions of the develop- 
ment of specific leaf tissues from the various meri- 
stematic regions and the duration of activity of such 
meristematic cells are useful additions. In this chap- 
ter a new three-dimensional cellular drawing of a 
typical leaf has been added and should prove a great 
help to both teacher and student. 

Discussion of the vascular anatomy of the flower 
has been greatly enlarged and brought up to date. It 
is as comprehensive as such a discussion could be in 
an elementary te.xt and should even be helpful as a 
starting-point for more advanced wmrk. The review- 
er personally regrets the use of the terms “fusion,” 
“union,” “cohesion,” and “adnation” throughout 
this section to refer not only to cases in which actual 
fusion of initially independent parts does occur in 
ontogeny but also to those cases in which primordia 
are never independent and are completely non- 
di verged from their initiation. 

The illustrative material has been increased, par- 
ticularly in those areas showing the greatest revision. 
Many of the new figures are excellent photomicro- 
graphs used in conjunction with old and new line 
drawings. 

The list of references at the end of each chapter 
has been brought up to date and considerably en- 
larged, again in those areas in w^hich most revision 
has been done. 

No attempt has been made in this review to report 
on the book as a w^hole, since it is assumed that those 
interested are familiar with the great usefulness of 
the original edition and are acquainted with the au- 
thors’ clear presentation . A summary of changes 
made in this new edition should therefore merely 
point out the increased value of this already favorite 
text. — Barbara F. Falser. 
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FURTHER INVESTIGATIONS ON THE RELATION OF PHOTO 
PERIOD TO THE BORON REQUIREMENT OF PLANTS^^ 


B. ESTHER STRUCKMEYER AND ROBERT MAC VICAR 


Introduction 

It was shown in a previous report (2) 
that plants of soybean (vars. Manchii 
no. 3 and Biloxi) exhibited a diminished 
requirement for boron when grown in a 
short-day environment. Plants grown in 
a boron-deficient culture medium and 
maintained in the vegetative state by a 
lengthened photoperiod showed morpho- 
logical and anatomical abnormalities. In 
short photoperiods which induced blos- 
som formation, however, the plants made 
essentially normal growth. It was found 
that the boron content of the tissues of 
plants grown in short day with and with- 
out boron was essentially identical. This 
limited manifestation of boron-deficiency 
symptoms in a short photoperiod has 
also been reported by Skok (4) and by 
Warington (8). 

The purpose of the following experi- 
ments was to investigate further this con- 
dition with species that respond to pho- 
toperiod and with those that are day- 
neutral. The effects of relatively short 
induction periods on the response to 
boron deprivation were also investigated. 

Material and methods 

The following species of plants were 
used: cocklebur {Xanthium echinatum 
Murr,), buckwheat (Fagopyrum esculen- 
timi Gaertn.), sunflower {Helianthus an- 
niius L.), tomato {Lycopersicon esculen- 
tiim Mill., var. John Baer), and soybean 
{Glycine max Merr., vars. Biloxi and 
Pagoda). They were grown under condi- 

^ Published with the approval of the Director of 
the Wisconsin Agricultural Experiment Station. 


tions similar to those previously de- 
scribed (2). Seeds were germinated in 
either soil or silica sand, and seedlings 
were transferred to washed silica sand in 
varnished lo-inch clay pots. Approxi- 
mately 500 ml. of the following nutrient 
solution were added on alternate days. 


K2HPO4 0.0012 Molar 

KH2PO4 0018 

CaS04 0021 

CaCb 0010 

MgS04 0021 

NH4NOJ 0.0063 


Minor elements and iron w^ere supplied 
at the levels recommended by Hoagland 
and Arnon (i). Pots were leached at 
weekly intervals to remove unbalanced 
solution. 

The following greenhouse conditions 
were maintained. During the winter 
months the light intensity rarely ex- 
ceeded 750 foot-candles. Short photo- 
period was obtained by using manually 
operated screens. Incandescent light 
bulbs of 40-watt capacity were used to 
extend the photoperiod from near sunset 
to midnight, providing daylengths of ap- 
proximately 9 and 16 hours, respectively. 

The sampling and analytical proce- 
dures have been previously described 
(2, 3). Samples for microscopic examina- 
tion were taken at the fourth internode 
from the apex.“A formalin-aceto-alcohol 
fixative was used; the fixed samples were 
dehydrated in ^-butanol and imbedded 
in paraffin. Stem samples cut 12 n in 
thickness were stained with iron-alum- 
hematoxylin and safranin. 
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Observations 

Experiment L — Young seedlings of 
tomato, buckwheat, sunflower, and cock- 
lebur were transplanted from soil or sand 
to washed sand. Cocklebur and tomato 
plants were transferred to both short and 
long photoperiods on February 23, 1946; 
buckwheat and sunflower on March 2, 
1946. In both daylengths, reduction in 
growth rate in minus-boron cultures was 
apparent after 12 days for tomato and 5 
days for sunflower. No external differ- 
ences were apparent in buckwheat or 
cocklebur at this time. By March 19, 
severe symptoms of boron deficiency had 
appeared in ail tomato and sunflower 
plants without boron, regardless of pho- 
toperiod. Buckwheat plants deprived of 
boron were smaller than the controls, but 
no external symptoms of deficiency were 
evident; they w^ere in fruit regardless of 
daylength or boron supply. Cocklebur 
plants grown on short photoperiod were 
fruiting. Symptoms of boron deficiency 
could not be noted in plants on short day 
except for slightly reduced growth, but 
on long photoperiods the vegetative 
plants were showing typical symptoms of 
deficiency, such as death of the stem tip, 
abnormal development of leaf and root, 
and fragility of petioles. All these ex- 
ternal symptoms of pathology were lack- 
ing in cocklebur plants on short photo- 
period. These relative conditions were 
essentially the same at the time of final 
harvest on April 8, 1946. By this time, 
tomato and sunflower showed severe 
symptoms of boron deficiency in both 
daylengths. Plants of buckwheat without 
adequate boron were small in size but 
othenvise appeared normal. Seeds were 
produced in both photoperiods, with and 
without boron. Cocklebur grown without 
boron continued to exhibit normal growth 
and development, in short days and se- 
vere symptoms of deficiency in long 


days. Data on the dry Tveight of plants, 
percentage of dry matter, top-root ratio, 
ash, and boron content are given in table i . 

Cocklebur is strongly sensitive to plio- 
toperiod, remaining vegetative in day- 
lengths of 16 hours. The fourth internode 
from the stem tip of these plants grown 
with adequate boron showed the anatom- 
ical characteristics of a vegetative stem, 
such as an active cambium, the differen- 
tiation of vascular tissue, and relatively 
thin- walled cells (5) (fig. i). Vegetative 
plants deprived of boron developed a 
pathological structure in that the fourth 
internode of plants exposed to 24 long 
days was distinctly abnormal; after 44 
days of such treatment the abnormali- 
ties were much more pronounced. Some 
of the cells in the cambial region of the 
abnormal stems were enlarging radially 
and others were proliferating (fig. 2). 
The latter is especially convincing from 
longitudinal sections in which the cells 
of the cambial region show prominent 
nuclei and have divided irregularly and 
without regard to plane of division (fig. 
5). Among the abnormal thin- walled 
parenchyma cells were rows of phloem 
and xylem differentiating from still func- 
tional cambial cells. The sieve tubes and 
companion cells did not appear normal, 
and the xylem elements formed were fre- 
quently of the sclariform and reticulate 
types. The ray cells of the interfascicular 
region enlarged radially. Proliferating 
cells were apparent in the cortex and 
pith, and, in the more severely affected 
areas, necrosis was evident. Necrosis was 
apparent principally in the vascular 
bundle (figs. 2, 6). These darkened ne- 
crotic regions were caused in part by col- 
lapsed cells resulting from disturbed 
growth of the enlarging cambial zone. 
The sieve tubes and companion cells and 
tracheal elements formed from the ab- 
normal cambium also seemed frequently 


TABLE I 

ExPERiMEiN'i I. Effect of photoperiod ox growth and boron content of 

VARIOUS PLANTS SENSITIVE AND INSENSITIVE TO PHOTOPERIOD 


Plant and tjrjsatment 


Sunflower, long+B . . 
Sunflower, long— B. . 
Sunflower, short+B . 
Sunflower, short— B. 

Buckwheat, long+B. 
Buckwheat, long— B. 
Buckwheat, short+B 
Buckwheat, short— B 

Tomato, long+B. . . . 
Tomato, long— B . . . . 
Tomato, short -f-B . . . 
Tomato, short— B. . . 

Cocklebur, long+B . . 
Gocklebur, long— B. , 
Cocklebur, short-f-B . 
Cocklebur, short— B. 


Sunflower, long+B. . 
Sunflower, long— B. , 
Sunflower, short+B . 
Sunflower, short — B . 

Buckwheat, long+B. 
Buckwheat, long — B . 
Buckwheat, short+B 
Buckwheat, short— B 

Tomato, long+B. . , . 
Tomato, long— B. . . . 
Tomato, short+B . . . 
Tomato, short— B . . . 

Cocklebur, long+B. . 
Cocklebur, long— B. . 
Cocklebur, short+B . 
Cocklebur, short — B , 


Total dry 

WEIGHT OF 

LEAF .-IND 
.STE.\t (GM.) 

Dry 

MATTER 

(%) 

Tof/root 

RATIO 

Lea] 

STEM 

Ash 

AND 

tissue 

Boron 

(p.p.m.) 


3 

-IQ-46 sampling 


o. gS 

6.2 

2.1 



0-57 

6.8 

3-8 



0.92 


5-7 



0-54 

6.0 

5-4 



0. 25 

4.5 



0. 20 

5.0 




0.40 

6.3 




0. 17 

5.0 




2.60 

9.0 

3-7 

245 

90.5 

1.40 

8.4 

7-4 

20.9 

8.9 

1. 85 

5-9 

3-7 

25-4 

I1S.7 

1 . 10 

7.4 

3-7 

21.5 

10.9 

2. 20 

8.6 

4.8 

17-5 

IIO.O 

1-55 

9-4 

9.7 

16.0 

20.0 

1 . 10 

8.5 

8.4 

18.9 

129.2 

1.05 

8.9 

10-5 

21 . 2 

18.8 


4-8-46 samplin 



9-25 

10.9 

3-7 

14.0 

SI -9 

2. 10 

7.5 

4.0 

22.9 

8.2 

+ •25 

9.1 

3-9 

13.4 

62.0 

1 . 10 

8.4 

2.8 

15-7 

12.3 

1.85 

II -S 

6.1 

II. 6 

45.0 

0.35 

II .0 

4.2 

13-9 

12.7 

1-35 

16.2 

6.7 

13-3 

41 .6 

0.55 

12.5 

4.6 

13. b 

14.7 

0 

00 

0 

10.8 

4-9 

14. 1 

69.4 

1.30 

7.7 

4.8 

24.3 

9.1 

9.00 

9.1 

5-3 

16.6 

58.0 

1. 05 

7.2 

5-2 

28.0 

9-0 

8.30 

12.5 

2.8 

10.9 

-o 

CO 

2.20 

II. 9 

4.4 

14.7 

11,4 

3.25 

II. 4 

5.2 

14-5 

115.8 

2*75 

1 1. 6 

5-3 

15-7 

10.6 





Figs, i-ii.— Figs. 1-4, cross sections of fourth internodes of cocklebur. Fig. i, normal structure in 
vegetative plant grown with boron in long photoperiod. Fig. 2, abnormal structure in plant grown without 
boron in long photoperiod; cells of cambial region enlarged and increased in number; necrotic areas in region 
of secondary phloem. Fig. 3, normal structure in fruiting plant grown with boron and short photoperiod. 
Fig. 4, slightly abnormal structure in plant grown without boron and in short photopericd; only two bundles 
in stem showed symptoms of boron deficiency. Figs. 5-7, longitudinal and cross sections of fourth ihternodes 
of cocklebur plants grown without boron in long photoperiod. Fig. 5, extent of cambial proliferation ap- 
parent; extensive necrosis and disorganization of vascular tissue; abnormal and crushed cells in pith. Fig. 6, 
enlargement of area in figure 5 showing detail of necrotic regions; part of necrosis result of collapsed and 
crushed cell walls. Fig. 7, incipient collapse of cell walls in xylem region ; distortion and partial collapse of cell 
wall of xylem element result of increase in size and proliferation of adjoining cells. Figs. 8-11, cross sections 
of fourth internodes from tomato and sunflower plants. Fig. 8, normal structure in blossoming tomato grown 
with boron in long photoperiod. Fig. 9, abnormal structure in tomato grown without boron in long photo- 
period; proliferation of cells in cambial region and extensive necrosis. Fig. lo, normal structure of vegetative 
sunflower grown with boron in short photoperiod. Fig. ii, abnormal structure of sunflower grown without 
boron in short photoperiod; presence of abnormal cambial cells, proliferation, and necrosis evident. 
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to be a part of, this necrosis (iig. 7). 
Warington (7) has observed this dark- 
ening in stems of carrot and has de- 
scribed it as the disintegration of the 
cambium. Some bundles of the abnormal 
stem showed more cellular disorganiza- 
tion than others. Cell division occurred 
frequently in the region of the perimedul- 
lary zone. Plants exposed to long days 
remained vegetative; the cambial zone in 
the stems was from six to eight cells 
wide; and these cells were the most sensi- 
tive to a minus-boron treatment. 

Cocklebur forms fruits in short days 
and acquires the characteristics of a 
fruiting stem (fig. 3). These characteris- 
tics were apparent after exposure to 24 
short days with boron; after 44 days the 
plants remained unchanged. Symptoms 
of boron deficiency were not apparent in 
the structure of the stems of plants ex- 
posed to 24 short days and grown with- 
out boron. Only two vascular bundles in 
the stems of plants given 44 short days 
without adequate boron gave indication 
of cellular abnormality. The cells of the 
cambial zone and the medullary ray had 
started to enlarge. Necrotic regions were 
not apparent (fig. 4). 

Tomato, sunflower, and buckwheat 
are day-neutral and do not make specific 
responses to photoperiod. Tomato grown 
with boron and exposed to short or long 
photoperiods for 44 days was in blossom 
and displayed a normal structure for a 
blossoming stem (fig. 8). Tomato plants 
grown without boron and exposed to 
short or long days showed extreme cellu- 
lar disorganization of the stem, the three 
main bundles being most severely af- 
fected. The structure of the stem was 
primarily the result of abnormal cambial 
activity, as has been described for cockle- 
bur. Cells of the cambial zone enlarged, 
and some of them proliferated. This re- 
sulted in a disrupted region of tissue, 


some of w'hich was crushed, thereby 
forming strands of necrotic areas. There 
also appeared to be some proliferation of 
the internal phloem. The cortex and pith 
remained normal at this stage (fig. 9). 

Sunflower had no macroscopic flowers 
at either sampling, and the plus-boron 
plants after 44 short days showed a 
vegetative anatomy in the stem (fig. 10). 
Symptoms of boron deficiency in the 
structure of the stem were similar in type 
to those previously described for cockle- 
bur and tomato. In this species, also, the 
cambium exhibited the same type of ab- 
normal cell extension and proliferation 
(fig. i i). The degree of severity was simi- 
lar in the plants grown without boron in 
both daylengths. 

Buckwheat is different from the other 
test plants in the extreme rapidity with 
which it comes to flower. By the twelfth 
day following transplanting, macroscopic 
flower buds had appeared. Plants grown 
with boron and exposed to 24 short days 
exhibited the type of stem anatomy char- 
acteristic of the fruiting plant (fig. 12). 
Plants grown without boron in short 
photoperiods showed no external abnor- 
malities other than restricted growth; no 
evidence of abnormality was observed in 
the anatomy of the stem after 44 short 
days (fig. 13), In long days the stems of 
plants grown with boron showed a less 
mature development of cells, indicative 
of a more recent cessation of cambial ac- 
tivity. The vascular elements had not 
fully matured, and thin-walled elements 
were still present (fig. 14). Plants grown 
in long photoperiods and in boron- 
deficient cultures showed evidence of in- 
ternal abnormality, in that the cambial 
area was again the zone of cellular dis- 
organization. Some of the cells were en- 
larging and others were dividing, result- 
ing in a very distorted pattern of the 
vascular system (fig. 15). 
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riGs, 12-20. Figs. 1 2- 1 5, cross sections of fourth internodes of buckwheat. F 
nowermg plant grown with boron in short photoperioc 
boron in short photoperiod; typical flowering anatomy 
with boron in long photoperiod; pk ‘ “ 

cambial activity as compared wdth fi; 

photoperiod; proliferation and disor<^ . 

cross sections of fourth internodes of cocklebur; some v, 
others given short-da,y induction periods of varying lengths and 
boron, given 4 days of induction and then transferred to long day 
apparent. Fig. 17, grown continuously in ’ 

apf^rent. Fig. i8, grown without boron in short days. No evidence of cellular disOTganikdon 
anatomy. Fig. 19, grown with boron, given lo-day induction period, and returned ^ 
ture apparent. Fig -- 
of proliferation or 


'ig. 12, normal structure in 
„ xxw.vering plant grown without 

no proliferation or necrosis apparent. Fig. 14, grown 

inatomical structure shows evidence of more recent 

abnormal structure in plant grown without boron in long 

“ * lar tissue evident; necrosis also apparent. Figs. 16-20^ 

plants exposed to short and long days continupusly ; 
I returned to long days. Fig. 16, grown without 
w ’ ys; cellular disorganization and necrosis 
long days without boron ; abnormal cambial activity and necrosis 

, normal fruiting 

, , r * —d to long da3’-s; normal strut'- 

'othi^riaTSurbar^^^^ ^''‘^ence 


■ STRUCKMEYER & MacVICAR' 

Experiment, IL— This experiment 
was similar to experiment I, but oniv 
cockiebur and tomato were used as test 
plants. Cocklebur plants were placed in 
differential photoperiod on March 23, 
1946, and harvested approximately 8 
weeks later j tomato plants were trans- 
fer! ed June 5 and harvested 7 wrecks 
later. Cocklebur plants grown in short 
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w-as induced by exposure to a few^ short 
days rather than numerous short photo- 
periods was studied in cocklebur. Plants 
were transferred to both short and long 
photoperiods; one group was given an in- 
duction of 4 short days and then trans- 
ferred to the long-day environment. 
Boron-deficiency symptoms appeared 
shortly after the return of the induced 


TABLE 2 

Experiment li. Effect of photoperiod on growth and boron c'ontfxt 
and boron-deficient tomato and cocklebur plants 


Plant and treatment 


Cockiebur, long-j-B. . 
Cocklebur, long— B . . 
Cocklebur, short-j-B . 
Cocklebur, short— B. 


Tomato, long-f B . 
Tomato, long- B. 
Tomato, short-f B 
Tomato, short— B 


Tot.al dry 

WEIGHT OF 

LEAF .VND 

Dry 

Top/root 

I Leaf .and 

i stem; tissue 

STEM 

(gm.) 

(%) 

RATIO 

1 Ash 

Boron 

(p.p.m.) 


4 

20-46 sampling 


i 6-75 

9-65 

13-55 

7.80 

14.6 

14. I 
13-9 

12. 1 

30 

3-4 

5-4 

6.2 

13.2 

13.0 
12.4 

15. 1 

71.0 

1S.8 

89 . 6 

20.0 


7 - 

24-46 sampling 


10.60 

10. 0 

2.5 

II. 4 

66.4 

3.60 

12.6 

7.2 

28.4 

12.8 

11.40 

10.5 

3-0 

14.9 

73*7 

3*20 

9.6 

6.4 

25.1 

14.6 


day without boron made essentially nor- 
mal growth, although the number of 
flower buds was limited and the plants 
were distinctly smaller than the plus- 
boron controls. In long photoperiod, 
however, severe deficiency symptoms de- 
veloped in the absence of boron. The 
symptoms of deficiency in tomato were 
similar in short and long days. Histologi- 
cal findings for cocklebur and tomato 
were the same as those noted in experi- 
ment 1. Data on the weights of the 
plants, etc., are presented in table 2. 

Experiment III.— The effect on the 
boron requirement when floral initiation 


minus-boron plants to long photoperiods. 
Ten days after the induction period, the 
first blossom buds had become apparent 
in the induced plants receiving adequate 
boron. As is usually the case, however, 
with plants exposed to such short induc- 
tion periods, the plants continued to 
grow, and blossom development was 
slow. Symptoms of boron deficiency were 
present both in those plants given an in- 
duction period of 4 short days and in 
those grown continually in long days in 
the absence of this element. The plants 
receiving the 4-day induction were some- 
what larger than those kept continuously 
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in short days. The internal structure of 
the stems of induced plants grown with- 
out boron showed severe disturbance in 
the cambial region. As previously de- 
scribed for cocklebiir, some of the cam- 
bial cells ceased differentiation and be- 
came enlarged; others continued to di- 
vide, but the derivatives did not differen- 
tiate into phloem elements and remained 
as meristematic or parenchymatous cells. 
The ray cells also showed this phenome- 
non, iVdvanced stages of necrosis were 
also evident (fig. 16). The plants grown 
without boron in long days continuously 
showed the same type of disorganization 
of the cells as those given 4 short days 

(fig- 1?)- 

Since the 4-day induction period did 


was noted. Plants given a lo-day induc- 
tion period while receiving adequate 
boron were normal fruiting plants; 
minus-boron cultures had aborting blos- 
soms and slight symptoms of deficiency. 
These symptoms were far less severe, 
however, than in those plants maintained 
in the vegetative state by continuous ex- 
posure to long days. Plants grown con- 
tinuously in short day were fruiting 
without regard to the presence or absence 
of boron; minus-boron plants were show^- 
ing restricted rates of growth. Data on 
the dry weights of plant parts, etc., are 
presented in table 3. 

Histological examination of cocklpbur 
plants grown in short days with and’ 
without boron showed a typical fruiting 


not prevent the development of boron- stem and no abnormalities with the ab- 
deficiency symptoms, a second test of the sence of boron (fig. 18). Plants receiving 
effect of induction on the expression of the lo-day induction period with boron 
such symptoms was made. Cocklebur had the normal anatomy of a fruiting 



plants were grown with adequate boron, stem (fig. 19). Induced plants without 
After I week half of the pots were thor- boron were essentially similar. There was 
oughly leached, and a minus-boron sol u- some evidence of incipient disorganiza- 
tion was supplied. One set of plants was tion in the cortex, but the vascular tissue 
given an induction period of 10 long appeared normal, with no abnormal cam- 
nights, after which they were transferred bial activity (fig. 20). Those plants main- 
to long days. Other groups were main- tained in long photoperiod continuously 
tained continuously in long or short pho- and, having no boron, exhibited the usual 
toperiods. Those plants receiving 10 days abnormalities, including the enlargement 
of induction showed macroscopic flow^er of cells of the cambial region (fig. 20) ; 
buds 14 days after the beginning of the those grown with adequate boron showed 
induction period. At the time of harvest, the vegetative type of stem anatomy, 

3 weeks later, those plants receiving ade- Experiment IV.— In order to com- 
quate boron and continuously on long pare more directly the relation of fiower- 
photoperiod were normal vegetative ing and the compensatory effect of short- 
plants; those plants deprived of boron on ened photoperiod with boron require- 
long days showed severe symptoms of ment, an additional test was made using 
deficiency. Complete necrosis of the two varieties of soybean, one a short-day 
ajpical meristem, malformation of leaf type and the other day-neutral. One 
tissue, and fragility of the upper leaves variety, Biloxi, remains vegetative in 
and petioles were striking evidence of the long photoperiod; the other. Pagoda, is 
lack of this element. In addition, a insensitive to photoperiod, producing 
marked thickening of the stem in the re- fruits over a wide range of daylengths. 
gion of the third and fourth internode Week-old seedlings were transferred to 
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differential daylengths. Twenty-five days 
later, plants of Biloxi grown in long days 
and without boron showed typical signs 
of boron deprivation. These became pro- 
gressively more severe. All other cultures 
remained without obvious outward symp- 
toms until the time of harvest, 6o days 
after the start of the treatment. The 


essential difference in the anatomical 
structure of plus-boron plants and those 
deprived of boron (figs. 22, 23, 24, 25). 
Biloxi, on the other hand, showed a 
slight indication of abnormality in short 
days without boron. Proliferation of cells 
in the cambial zone appeared to have oc- 
curred, but there was no evidence of 


TABLE 3 


Experiment III. Effect of photoperiodic induction on growth .and boron 

CONTENT OF NORM,AL .AND BORO.N-DEFICIENT COCKLEBUR PLANTS 


Plant and treatment 


Continuous long+B . 
Continuous long— B . 

lo-day induction+B. 
lo-day induction— B. 

Continuous short+B 
Continuous short- B 


Continuous long-fB 
Continuous long — B 

4-day induction+B . 
4-day induction— B . 


Total dry 

WEIGHT OF 

LEAF .AND 

STEM 

(GM.) 

Dry 

MATTER 

(%) 

j 

Top/ ROOT 

RATIO 

Leaf and 

Stem tissue 

Ash 

(%) 

Boron 

(p.p.m.) 

S-6-46 sampling 

13-95 

10.9 

3-2 

13-9 

86.4 

11.50 

12.2 

4-0 

II . I 

23.0 

14-30 

1 1 . 6 

5-7 

13-8 

85.6 

12.50 

12.0 

5-3 

12.4 

25.0 

11.65 

12.4 

5-1 

X3-9 

66.0 

7.80 

10.4 

4.1 

14.9 

26.3 

5-15-46 sampling 

29-35 

14-4 

3-9 

II. 3 

68.1 

14.00 

16.7 

4-3 

13-0 

19. 1 

31-15 

15-I 

4-3 

10.5 

72.5 

20.60 

X6.5 

5-0 

12,8 

21 . 1 


Pagoda variety grown without adequate 
boron was reduced in size, but the ap- 
pearance of leaves, stems, fruits, and 
roots was not dissimilar to that of plants 
receiving adequate quantities of this ele- 
ment. Data on tissue weights, etc., are 
given in table 4. 

Histological examination of the fourth 
internode gave findings closely correlated 
with the above. Pagoda exhibited the 
anatomical features typical of fruiting 
stems under all treatments. There was no 


necrosis or other serious abnormalities 
(fig. 27). Plants grown on short days with 
boron showed the anatomical structure 
typical of a fruiting stem (fig. 26). In 
long days, Biloxi retained a stem struc- 
ture indicative of its vegetative condition 
(fig. 28), while in Pagoda, which was 
fruiting, cambial activity had ceased, 
and there was a general thickening of the 
cell walls (fig. 24) . In accordance with 
previous findings in Biloxi (2), boron dep- 
rivation on long photoperiqd resulted in 
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proliferation ill the cambial zone with 
accoiiipanying necrosis, particularly in 
the secondary phloem (fig. 29). 

Discussion 

The results obtained in these and 
previous experiments indicate that ab- 
normal cambial activity is a common 
characteristic of boron deficiency in the 
plants studied. Correlation of anatomical 
observations with external morphology 


buckwheat, and soybean — in which the 
cambium becomes inactive at an early 
stage, the symptoms of boron deficiency 
are repressed or absent. Photoper iodic 
induction of flowering, resulting in the 
maturation of the cambium, leads to lim- 
ited external and internal pathology in 
Biloxi soybean and cocklebur deprived 
of boron. When photoperiodic induction 
is insufficient to halt cambial activity, 
symptoms of boron deficiency appear. 


TABLE 4 

Experiment IV. Effect of photoperiod on growth and boron content of 

SENSITIVE AND INSENSITIVE SOYBEAN PLANTS WITH 
AND WITHOUT ADEQUATE BORON 



Pl.W’T and treatment 


Total dry 

WEIGHT OF 
LEAF AND 
.STEM 
(GM.) 


Dry 

MATTER 

(%) 


Top/root 

RATIO 


Leaf and 

STEM TISSUE 


Ash 

(%) 


Boron 

(p.p.m.) 


Pagoda, long 4- B. 
Pagoda, long — B . 

Pagoda, short -fB 
Pagoda, short— B 

Biloxi, long-hB . . 
Biloxi, long— B. . . 

Biloxi, short-j-B. , 
Biloxi, short— B. . 


13 -SS 

8.90 

8.90 

7.70 

12.50 

6.60 

10.7s 

8.15 


24-5 

28.6 

24.6 

25.6 

24.7 
23-4 

19-7 

19.8 


10.6 

8.9 


9*3 

10.9 


46.5 

10.7 

58. 6 

13. 8 

54.6 
1 1 . o 

56.3 

15.2 


reveals that internal abnormalities are 
apparent when external symptoms only 
are slightly evident and sometimes lack- 
ing. Most previous investigators of the 
histopathology of boron deficiency have 
noted, but not adequately emphasized, 
this abnormal growth and proliferation 
in the cambial zone. The specific lesions 
resulting from collapsing cells are usually 
emphasized, while the abnormal cambial 
activity producing them has received 
scant attention. Walker. (6), however, 
recognized the significance of this activ- 
ity and attributed to it many of the ex- 
ternal symptoms of deficiency. 

In those plants— such as cocklebur, 


When longer periods of induction are em- 
ployed, the cambium becomes less active 
and symptoms of boron deficiency are 
not apparent. Soybean var . Pagoda and 
buckwheat fall into a group which initi- 
ates floral primordia very early in devel- 
opment. In these species absence of 
boron restricts the absolute amount of 
growth, but the typical pathology usual- 
ly associated with boron deficiency is 
reduced in intensity or absent. 

That an increased boron content in the 
tissue is not the cause of this diminution 
in symptomology can be concluded from 
the data on boron content of the tissue. 
In each case plants showing symptoms of 
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Figs. 2i-29.~Fig. 21, cross section of stem of cocklebur grown without boron continuously in long days; 
extensive proliferation of cambial region and necrosis apparent. Figs. 22-25, cross sections of fourth inter- 
nodes of fruiting soybean, var. Pagoda. Fig. 22, grown with boron in short days; almost complete cessation of 
cambial activity. Fig. 23, grown without boron in short photoperiod; structure of stem normal with no indica- 
tion of abnormal cambial activity. Fig. 24, grown with boron in long days; anatomical structure typical of 
fruiting stem. Fig. 25, grown without boron in long photoperiod; stem shows fruiting anatomy and no cellular 
abnormalities. Figs. 26-29, cross sections of fourth internodes of so3'bean, var. Biloxi, which dowers only in 
short daj's. Fig. 26, grown with boron in short days; stem shows flowering structure. Fig. 27, grown without 
boron in short photoperiod; slight proliferation of cells in vascular region apparent; no indication of necrosis, 
lug. 28, grown with boron in long photoperiod; active cambium t\"pical of vegetative stem. Fig. 29, grown 
without boron in long da.vs. Anatomical structure typical of vegetative stem with boron-deficiency symptoms 
apparent; proliferation and enlargement of cells in cambial region; some evidence of necrosis in region of 
phloem. 





deficiency and those without symptoms 
have the same amount of boron. The 
boron content of plants grown in long 
days without boron, which show severe 
deficiency symptoms, is not different 
from that in plants grown in short days 
without boron which show no symptoms. 
This is in accordance with previous ob- 
servations on Biloxi and Manchu soy- 
beans. 

Summary 

I . The reduction of intensity of boron- 
deficiency symptoms, associated with 
blossoming induced by short photoperi- 
od, has been confirmed and extended. 

2. Cocklebur plants grown without 
boron and exposed to short days fruited 
and showed no deficiency symptoms. 
Plants grown in long days without boron 
remained vegetative and soon displayed 
both external and internal signs of boron 
deficiency. This diminution of symptoms 
in short days was not the result of an 
increased boron absorption. 

3. Continuous exposure to short days 
is not required for floral initiation in 
cocklebur, provided an induction period 
of suitable length is given the plants. 
Plants grown without boron and given 4 
short days, after which they were ex 
posed to long days, showed severe symp- 
toms of boron deficiency; however, plants 
given an induction period of 10 short 
days and then returned to long days gave 
no evidence of boron deficiency. 

4. Cocklebur plants exposed to 10 
short days displayed reduced cambial ac- ^ 
tivity which was associated with flower- 
ing. Boron deprivation in the stem caused 
tissue disorganization resulting from ab- 
normal activity of the cambium; the 
cambium in the plants given 10 short 
days became less active, so that, after 
return to long days, proliferation and en 


largement of cells in the cambial 


resulting from minus-boron treatment, 
did not occur. 


5- Tomato, sunflower, and buckwheat 
are day-neutral plants. With the excep- 
tion of buckwheat, these plants flower 
after a considerably greater length of 
time than cocklebur. Plants of tomato 
and sunflower grown without boron and 
regardless of length of day showed strik- 
ing symptoms of boron deprivation. The 
external symptoms included the typical 
death of the stem tip, abnormal develop- 
ment of leaves and roots, and fragility of 
the petioles. The internal structure of the 
stem was similar to cocklebur in that ab- 
normal cambial activity occurred, re- 
sulting in proliferation and enlargement 
of cells. In plants showing severe symp- 
toms of boron deficiency, necrotic areas 
were conspicuous. Buckwheat flowered at 
an early stage. In short days cambial ac- 
tivity ceased sooner than it did in long 
days. Symptoms of boron deficiency were 
not apparent in short days, even in those 
plants grown without boron. In long 
days, however, maturation of tissues was 
less rapid, and slight symptoms of boron 
deficiency were apparent in plants grown 
without this element. 

6. Soybean var. Biloxi is a short-day 
plant and resembles cocklebur in its re- 
sponse to boron deprivation. This variety 
fruited in short days and showed no 
symptoms when grown without boron. 
In long days, howe^ier, severe symptoms 
in minus-boron cultures were apparent. 
Pagoda soybean fruited at an early stage 
in both short and long days; deficiency 
symptoms were not evident in the minus- 
boron cultures on either photoperiod. 

7. It is suggested that the decrease in 
cambial activity associated with early 
floral induction or photoperiodic induc- 
tion causes a reduction in the severity of 
boron-deficiency symptoms. 
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A STUDY OF THE ANEMOPHILOUS PLANTS OF PUERTO RICO 


EDWARD 

Introduction 

Although the flora of Puerto Rico, the 
largest Caribbean island possession of 
the United States, has been studied thor- 
oughly (2, 4, II, 13, 23, 24, 47), the aller- 
genic plants have been neglected. There 
are no publications of allergy clinics such 
as those in the United States, Mexico, 
Brazil, and Argentina. The St. Luke’s 
Memorial Hospital in the city of Ponce 
maintains the only allergy clinic in 
Puerto Rico known to the writer. 

During a year’s residency in 1944-45 
the writer saw many persons suffering 
from asthma, sinusitis, and other allergic 
symptoms. More recently, in an effort to 
ascertain whether wind-borne pollen 
grains were abundant in the atmosphere, 
he sent filmed slides to the island. These 
were exposed^ in the manner described 
by WoDEHOUSE (53). Microscopic ex- 
aminations of these slides have revealed 
the presence of pollen grains, mold 
spores, ticks, starch grains, and other 
aerobiological matter. There were rela- 
tively more pollen grains than mold 

Exposed by Mr. Esteban Nunez Melendez, 
instructor in pharmacy, University of Puerto Rico 
College of Pharmacy. 
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spores in the atmosphere of the city of 
Rio Piedras during the period February 
8-17, 1946. This disagrees with the com- 
ments on allergy in Puerto Rico by 
WoDEHOusE (54). A daily pollen count 
at various locations on the island should 
be undertaken for a period of several 
years to substantiate the author’s ob- 
servation. 

Dr. Quintero Fossas of Cuba, in an 
address before the Medical Association 
of Puerto Rico in 1941, stressed the need 
for investigations of air-borne pollens, 
mold spores, dusts, and other sensitino- 
gens. Previously (6) he had suggested 
the necessity of observing the spore con- 
tent of the air in Cuba and the other 
West Indies islands. An anonymous arti- 
cle on hay fever in Latin America (i) in- 
dicates the lack of published data and 
literature on the subject. VaughAn (31) 
stated that further attention should be 
devoted to the problem of hay fever in 
the Americas. The address of Quintero 
Fossas (39) and a recent publication of 
the writer (10) indicate some of the 
plants which may cause pollen allergy in 
Puerto Rico. 
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Thommen (48) formulated the follow- 
ing live postulates that all allergist- 
. botanists recognize: 

1. The pollen must contain an excitant of ha\* 

. fever. 

2. The pollen must be anemophilous, or wind- 
borne, as regards its mode of pollination. 

3. The pollen must be produced in sufficiently 
large quantities. 

4. The pollen must be sufficiently buoyant to be 
carried considerable distances. 

5. The plant producing the pollen must be 
widely and abundantly distributed. 



According to these postulates the hay- 
fever plants of the United States are well 
determined. Some of these plants grow 
in Puerto Rico; thus, they may be re- 
garded as causative agents in pollen al- 
lergy. Similarly, some of the hay-fever 
plants of Mexico, ^Argentina, Brazil, 
Uruguay, Cuba, and Bermuda also grow 
in Puerto Rico and may be considered 
allergenic. In addition, personal observa- 
tions of wind-pollinated plants and 
studies of the available scientific litera- 
ture reveal that other plants are related 
botanically to those already established 
as allergenic. A number of these are en- 
demic to the island and do not occur in 
the countries mentioned above, while 
others more completely answer Thom- 
men’s fifth postulate of distribution. 
Therefore, they may be important fac- 
tors in pollen allergy. This investigation 
represents a comparative study of the 
anemophilous plants of Puerto Rico and 
the allergenic anemophilous plants of 
North, Central, and South America. 

Discussion 

In referring to the plants the following 
sequence is used: the English name (if 
any) is followed in parentheses by the 
Spanish name (if any) as listed by Otero 
and Toro (36) and then by the scientific 
name. In the case of grasses the termi- 


nology of Hitchcock (zi? 22) is em- 
ployed wherever possible. For other 
plants the nomenclature of Britton and 
Wilson (4) is used, supplemented by 
Small (46). 

Grasses. — A number of important al- 
lergenic grasses grow in Puerto Rico. 
Some of these are cultivated as forage 
crops, some occur as troublesome weeds, 
and others are weeds of waste places. In 
any instance grasses represent a definite 
factor in pollen allergy, since their flow- 
ering period extends over the entire year. 

Bermuda grass (pepe ortiz, yerba Ber- 
muda), Cynodon dactylon (L.) Pers., is 
widespread over the Western Hemi- 
sphere, being a primary cause of polli- 
nosis in the United States (55), in Mexico 
(42), in Argentina (8), in Brazil (20), in 
Uruguay (3), and in Cuba (39). Un- 
doubtedly it is of foremost importance 
in the pollen allergy of Puerto Rico. 

The pollen of goose grass (yerba duke, 
pata de gallina), Eleusine indica (L.) 
Gaertn., is listed (18) as a secondary con- 
tributor to the atmospheric pollen in the 
southeastern states. Goose grass grows 
commonly in Argentina (8). 

Molasses grass (yerba melado, yara- 
gua), Melinis minutiflora Beauv., is re- 
ported to be the chief origin of grass pol- 
lens in the atmosphere of Rio de Janeiro 
(19, 29). The pollen is present on atmos- 
pheric slides exposed in other Brazilian 
cities: Belo Horizonte (30), Salvador 
(31), Juiz de Fora (32), Campinas (33), 
Barbacena (34), and Varginha (35). 
Since the pollen is so abundant in the air 
of South America, this grass is certainly 
of potential importance in pollen allergy 
in Puerto Rico. Molasses grass is not 
naturalized in North America. 

Johnson grass (yerba Johnson), Sor- 
ghum halepense (L.) Pers., which is 
widely distributed in the United States 
(18), in Mexico (43), in Argentina (8), 
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and in Brazil (49), and sorghinn (millo), referring to Boiiteloua, Wodehouse (55) 
Pers.j cause liypersensL made the statement: “In hayfever 
tivity. However, Johnson grass, because studies distinction is seldom made be- 
of its larger distribution, is more promi- tween the different species/’ Conse- 
nent in hay-fever literature. quently, the grama, Bouieloua americana 

Sugar cane (cana de azucar), Saccha- (L ) Scribn., and the slender grama, 
runt officmarum L., has long been sus- /ze/er(?^legu(Trin.) Griffiths, are important, 
pected as a cause of allergy in Puerto The linger grasses, Chloris ciliata 
Rico. Its flowering period extends from Swartz; (horquetilla), C. radiafa (L.) 
the latter part of October to the early Swartz; (horquetilla morada), C. injlata 
part of January. Quintero Fossas (39) Link; and C. Swartz may be of 

indicated that sugar cane is a factor in importance as allergenic plants, since 
pollen allergy in Cuba; similarly, Roddis they are related to the feather finger 
(40) listed it among the allergenic plants grass listed by Wodehouse (55) as a 
of Hawaii. Although the pollen is too minor hay-fever plant of Arizona, 
heavy to be wind-borne for long dis- Smut grass (burillo), Sporobolus poi- 
tances, it must be regarded as a promi- retii (Roem. and Schult.) Hitchc., is an 
nent constituent in pollinosis because the important hay -fever grass (18). The 
plants are so extensively cultivated on West Indian rush grass (matojo), S. m- 
the island. dicus (L.) R. Br.; (matojo de playa), 5 . 

Natal grass, Tricholaene rosea Nees, is virginicus (L.) Kimth.; (matojo cubano), 
one of the significant grasses of Miami S, cubensis Hitchc.; and S. pyramidatus 
(27), shedding pollen in every month ex- (Lam.) Hitchc., are related species and 
cept January and February. Crabgrass, may be of local importance. 

Digitaria sanguinalis (L.) Dulac., widely The genus Paspalum is represented in 
distributed in the tropic and temperate Puerto Rico by about twenty species, 
climates, is considered of secondary im- the most prominent being the bull grass 
portance in inducing hay fever because (cortadero), P. virgatum 1 ^. A related 
it does not produce much pollen. St. Au- species is abundant in New Orleans (38). 
gustine grass (grama blanca), Stem- Additional species are mentioned in the 
taphrum secundatum (Walt.) Kuntze, hay-fever literature of the United States 
flowers almost continually and should be . (55) and of Argentina (8). 
regarded as essential in pollen allergy. Knotroot bristle grass, 5 eton‘a 
It is listed among the minor hay-fever lata (Lam.) Beauv., and S, setosa 
plants of the southeastern states (18). (Swartz) Beauv., are the most numerous 
Barnyard grass (arrocillo), of the seven species in Puerto Rico. 

(L.) Beauv., is of secondary im- These may be of some importance in 
portance in pollen allergy. hay fever, since they are related to the 

There are many endemic and natural- green bristle grass of southern United 



ized grasses in Puerto Rico that represent 
genera reported in the hay-fever litera- 
ture of other countries. Since it has been 
ascertained that the sensitizing principle 
of pollen grains is usually characteristic 
of all species of a genus, these grasses 
may be suspected in pollen allergy. In 


States (18). 

Sorghastrum (millito), Sorghastrum 
setosmn (Griseb.) Hitchc., is related to a 
mainland species (27). Broom grass or 
broom sedge, Andropogon virginicus L., 
is listed as an important pollen-produc- 
ing plant of Miami (27). Other island 
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species are: all-beard grass (rabo de ra- 
ton), A. inr gains Desv.; bushy beard 
grass (yerba barbuda), . 4 . glomeratus 
(Walt.) B.S.P. ; (matojillo), A. leucosta- 
chyus and (rabo de gato), A. hi- 

cornis L. The latter is widely distributed 
in the West Indies. Species allied to the 
vetiver or khus-khus (pachuli), Vetiveria 
ztsanoides (L.) Nash, are reported in Ar- 
gentina (8) and in the United States (i8) 
but of minor importance in hay fever. 

Guatemala grass (yerba de Guatema- 
la), Tripsacum laxum Nash, is not found 
in the United States. Related species are 
listed in Argentina (7) as possible aller- 
genic plants. Uniola laxa (L.) B.S.P. is 
related to the seaside oats, a minor pol- 
len-producing plant of Miami (27). 

The allergenic pollen of Indian corn 
(maiz), Zea mays L., is of local impor- 
tance only, since it is not carried for long 
distances by the wind. Cultivated white 
oats (avena), Avena saliva L., is of minor 
importance as a source of atmospheric 
pollen. 

The grasses that follow may be of sig- 
nificance, since they undoubtedly con- 
tribute much pollen to the air. At pres- 
ent none of them has been determined al- 
lergenic: giant reed or cowcane (guajana, 
cana de castilla), Armido donax L. ; com- 
mon reed or wild cane (cana de indio), 
Phragmiies communis Trin. ; Guinea grass 
(yerba de Guinea), Panicum maximum 
Jacq.; Para grass (malojilla), P. pur- 
pur ascens Raddi ; napier grass (yerba 
elefante), Penmsetum purpureum Schu- 
mach; carib grass (malojilla), Eriochloa 
polystachya H.B.K. ; carpet grass, Axono- 
pus comprcssus (Swartz) Beauv. j and 
(yerba dorada), A. aureus Beauv. The 
pollen of Guinea grass commonly occurs 
on atmospheric slides of Brazil (29, 30). 

Redtop, orchard grass, June grass, 
timothy, sweet vernal grass, rye grass, 
and the other essential hay-fever grasses 
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of North .America are not found on the 
island. 

Herbaceous plants.— The trouble- 
some hay-fever families of North, Cen- 
tral, and South America — Polygonaceae, 
Chenopodiaceae, Amaranthaceae, Plan- 
taginaceae, and Compositae — are all 
represented in the flora of Puerto Rico. 
In addition, there are a few species of 
secondary importance in the following: 
Typhaceae, Cyperaceae, and Urticaceae. 

Polygonaceae.— Rumex and Persicaria 
are the only allergenic genera growing on 
the island. Curled dock (col agria, vina- 
grillo), Rumex crispus L., is widespread 
in the United States, where it is con- 
sidered of importance in pollen allergy 
(18).^ It is also common in Mexico (44) 
and in Argentina (8). The four species of 
Persicaria: P. punctata (Ell.) Small, P. 
acuminata (H.B.K.) Maza, P. portori- 
censis (Bert.) Small, and P. segetum 
(H.B.K.) Small are chiefly entomophi- 
lous but may be of minor importance in 
allergy. 

Chenopodiaceae.— Thxt& genera, Che- 
nopodium, Atriplex, and Salicornia, are 
allergenic. Mexican tea or wormseed 
(pazote), Chenopodium ambrosioides L., 
and sowbane, C. murale L., are outstand- 
ing because they shed large quantities of 
pollen. Both are widely distributed in 
Puerto Rico. Various species of this 
genus grow in Central and South Ameri- 
ca. Allied species of crested atriplex (gar- 
bancillo), Atriplex pentandra (Jacq.) 
Standley, are listed in the literature of 
the United States (55). They are impor- 
tant causes of pollen allergy, although 
they do not occur in large enough num- 
bers to replace the major plants. Glass- 
wort (chifle), Wa/fcoma bigelovii Toxx., 
assumes a secondary role in localities 
where it is plentiful (55). 

Amaranthaceae.— IxiPaexto Rico there 
are three toxic gmtxa,: Amaranthus, 
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Celosia, and Iresine. The first of these 
consists of six species: A, crassipes 
Schlecht.; (blero), A. dubius Mart.; 
(blero bianco), . 4 . viridis L.; (blero man- 
so), gracilis Desf.; spiny amaranth 
(blero espinoso), A. spimsus L.; and 
(gusano), . 4 . cruentus L. This genus 
grows plentifully in the Americas, and 
all species are of primary consideration 
when they occur in large numbers. The 
second genus consists of silvery celosia 
(albahaca plateada), C. argentea L.; (al- 
bahaca), C. nitida VahL; and cockscomb 
(cresta de gallo), C. cristata L. The lat- 
ter plant is reported as a contributor to 
the Brazilian pollens (28). In the United 
States these plants are not sufficiently 
distributed to include them as essential 
hay-fever agents, but in Puerto Rico 
they may be of potential importance. In 
the third genus, J. celosia L. and blood- 
leaf, I. paniculata Kimtze, are probably 
of minor consequence, although the pol- 
lens of bloodleaf are enumerated in a 
pollen survey of Miami (27). 

Plantaginaceae. — Common plantain 
(llant6n), Plantago major L., and Eng- 
lish plantain or rib grass (yerba de co- 
stilla), P. lanceolata L., predominate as 
pollen-producing plants in most of the 
Americas. They do not grow extensively 
on the island but might be local contrib- 
utors to pollen allergy. 

Compositae, — The ragweeds (common, 
great, western, and southern) , eminent fac- 
tors in the pollinosis of the United States, 
Mexico, Brazil, and Argentina, are lack- 
ing in Puerto Rico. However, there are 
two species of Ambrosia on the island. 
The bay tansy or seashore ragweed, A. 
hispida Pursh., is not widespread and so 
is only of local importance even though 
it flowers most of the year. Durham (14) 
reported that it is a contributing factor 
to the atmospheric pollen in Florida and 
other Gulf States. (Altamisa, artemisa), 


^ 4 . pertmana Willd., is of probable im- 
portance when it occurs in fairly large 
numbers, since all species of Ambrosia 
are generally regarded as possessing 
equal toxicity. 

The only species of XantJiimn growing 
on the island is cocklebiir (bardana), 
X, chinense Mill. The pollens of the 
various species of this genus interact 
with one another and all are equally 
toxic (16). Wormwood (ajenjo), Artemi- 
sia absinthium L., is of minor interest to 
the allergists of the United States chiefly 
because the plants are not abundant. 
Wormwood, however, is prevalent in 
some parts of the island and may be a 
factor in the hay-fever problem. No other 
representatives of this genus are present. 

The other composite plants that have 
been mentioned in hay-fever literature 
are chiefly entomophilous and can be 
considered only as local problems: sun- 
flower (girasol), Helianthns annuus L.; 
globe artichoke (cardo alcachofero), Cy- 
nara scolymus L.; feverfew Matricaria 
parthenium L. ; mugwort (yerba amarga, 
ajenjo cimarron), Parthenium hystero- 
phorus L.; thistle (cardo), Cardmismexi- 
canus Moric. ; and fireweed (achicoria de 
cabra), Senecio hieracifolia (L.) Raf. 

Typhaceae. — Narrow-leaved cattail 
(enea), Typha angiisiijolia L., sheds a 
copious amount of pollen, but in the 
United States it is of little import in 
pollen allergy. It is listed, however, 
among the plants of lesser importance in 
Argentina (26). 

Cyperaceae, — Species related to Carex 
poly stocky a Sw. are noted in the United 
States (ss), Mexico (44), and Argentina 
(26). Their abundant pollens are fre- 
quently caught on atmospheric slides 
and are considered allergenic. 

UrticcLceae—Hh-t artillery plant or 
gale of wind (madre selva, verdolagui- 
lla), Pilea micropkylla (L.) Liebm., and 
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the many species of Urtica, (Tourn.) L. 
have been considered as lesser causes of 
hay fever in the United States (i8) and 
also in Argentina (26), 

Trees and shrubs.— Most species of 
trees and shrubs associated with hay 
fever in the various parts of the United 
States (5, IS, 25, 37, 55) are not found 
in- Puerto Rico. 

Arecaceae. ^The Puerto Rican royal 
palm (palm a real), Roystonea horinquena 
Cook, may be considered allergenic, since 
the royal palms of Cuba (39) and of 
Hawaii (40) are causes of allergy. The 
coconut palm (palma de coco), Cocos 
nuctfera L., is a factor in increasing the 
pollen count of the atmosphere in Miami 
(12). Pollens of various palms occur on 
atmospheric slides in Brazil (33). Hence, 
on the island, the endemic hat palm 
(palma de sombrero), Subol cousiorufn 
(Cook) Beccari, and additional types of 
palms may be prominent in atmospheric 
pollen determinations. The allergenic 
date palms, however, are absent. 

Casuarinaceae.—TYit Australian pine 
or beefwood tree (pino), Casuarina equi- 
seiifoUa Forst., is reported as a cause of 
hay fever in Miami (56) and is listed as 
an allergenic tree of Argentina (26) . 

Juglandaceae. — Since the walnuts gen- 
erally are recognized as hay-fever trees, 
the walnut (nogal, palo de nuez), Juglans 
jcmoicensis C., may be of local conse- 
quence. 

Myricaceae—The bayberry or candle- 
berry myrtle (cererro, arrayan), Myrica 
cerifera L., is reported as the chief cause 
of allergy in Bermuda (17) and should be 
regarded in a similar capacity in Puerto 
Rico. 

U rticaceae. — A hackberry (almez), Cef- 
tis irinenia Lam., is related to the aller- 
genic species that occur in the United 
States (55) and in Argentina (9). The 
tala tree, so prominent in the pollinosis 


of South America, does not grow in 
Puerto Rico. 

Moraceae. — Indian laurel (laurel de 
India), Ficus nitida Thunb., has monoe- 
cious flowers and may be of consequence 
in pollen allergy. Fustic (mora, palo de 
mora), Chlorophora tinctoria (L.) Gaud., 
is insect-pollinated, but its pollens can 
be carried short distances by the wind. 
It is related to the paper mulberry, well 
known to the allergists of North and 
South America. 

Mimosaceae.—T}x& genera Frosopis, 
Acociu, and Albizzio are allergenic in 
the United States (12) and in Argentina 
(26).^ In addition, Frosopis is common in 
Mexico (44), und Acacta in Mexico (44) 
and in Guba (39). 

_ Honey mesquite (alg»oba), Frosopis 
juliflora (Sw.) DC., is considered to be 
the most important tree causing hay 
fever in western Texas (45). 

Five species oi Acacia grow abun- 
dantly on the island. None of these oc- 
curs in the United States, and none has 
been reported in hay-fever literature. 
However, of the various North American 
species, Rowe (41) stated that Acacia 
pollen is found on atmospheric slides and 
causes hay fever and asthma. Thus, the 
wild tamarind (cacia), A. macracantha 
& B.; catch-and-keep, A. riparia 
H.B.K.; catechu, A. suma Roxb.; spine- 
less acacia (tamarindo cimarron, acacia 
nudosa), A. muricata (L.) Willd.; and 
A. anegadensis 'Bnttoxi may be of poten- 
tial danger. 

(Aroma, casha), Vachellia farnesiana 
(L.) Wight & Arn., is synonymous with 
opopanax or popinack. Acacia farnesiana 
Willd. It is cntomophilous, but its pollen 
is also carried by the wind. Severe aller- 
gic symptoms were relieved in a hyper- 
sensitive child when a number of these 
trees were cut down near her horae.^ 
Personal communication. 
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The yellow acacia (acacia amarilla, 
amor platonico), AWizzia lebheck (L.) 
Beiitli., is allied to a mainland species, 
the mimosa tree, which is suspected of 
causing hay fever (55). Suspicion is thus 
cast upon the yellow acacia in Puerto 
Rico. It is possible that, in addition to 
the pollens of all these leguminous plants, 
the odors or “osmyls” described by Ur- 
bach (50) are responsible for the pro- 
duction of allergic symptoms. 

Meliaceae.—Th.t Indian lilac or pride 
of India (lilaila, pasilla), Melia azeda- 
rach L., does not grow in the United 
States, but it occurs in Argentina. Al- 
though it is entomophilous, it can pro- 
duce allergy (52). 

Anacardiaceae. — The pollen of the 
mango (mango), Mangifera indica L., is 
mentioned among the wind-borne pol- 
lens of Hawaii (40) and of Cuba (39). 

Malvaceae, — Among the many species 
and varieties of hibiscus in Puerto Rico 
is the Chinese rose (amapola, candelada, 
pavona), Hibiscus rosa-sinensis L. It is 
insect-pollinated, but that its pollens 
may cause allergy was indicated by 
Roddis (40), who cited one such case in 
Hawaii. 

Terminaliaceae. — Indian almond or 
malabar almond (almendron), Termina- 
lia catappa lL., possesses apetalous flow- 
ers which may liberate sufficient pollen 
to be of concern in allergy. 

Myrtaceae: — Seven species of the blue 


gum (eucalypto), Eucalyptus robtdski. 
Smith, E. rostraia SchL, E, ciiriodora 
Hook., tereticornis Smith, E, viminalis 
LabilL, E. resinifera Smith, and E. pant- 
culata Smith grow" in Puerto Rico. These 
are generally considered entomophiious, 
although Eucalyptus pollens have been 
reported in the atmosphere of Argentina 
(26) and of Mexico (44). 

Coniposiiae.—TYit broombush, Bac- 
charis dioica VahL, is related to the 
groundsel bush, which is of importance 
in Miami (27) and in Mexico (44) . 

Others, — ^The following trees and 
shrubs are chiefly entomophilous, but 
their pollens can be carried short dis- 
tances by the wind: West Indian snow"- 
berry (bejuco de berac), Chiococca alba 
(L.) Hitchc.; castor-oilplant (higuerito), 
Ricinus communis L.; and three species 
of Jasminum: Arabian jasmine (jasmin 
oloroso, diamela), /, sambac (L.) Soland., 
hairy jasmine (jasmin de papel), J. pu- 
bescens (Retz) Willd., and (jasmin de 
trapo), J. azoricum L. 

A summary list follow^s of the species 
of probable allergenicity in Puerto Rico. 
The significance of the numerical desig- 
nations is: (i) of major importance in the 
pollen allergy of other countries; (2) of 
minor importance in the pollen allergy 
of other countries; (3) related to aller- 
genic species of other countries; and (4) 
contribute pollen to the atmosphere but 
not proved allergenic. 


Grasses: 

(3) Andropogon blcornis 
(3) A. giomeratus 
(3) A. leucostachyus 

(3) A. virgatus 

(1) A. virginicus 

(4) Arundo donax 

(2) Avena sativa 

(4) Axonopus aureus 
(4) A. compressus 

(3) Bouteloua americana 
(3) B. heterostega 


(3) Chloris eiliata 
(3) C. inflata 
(3) C. petraera 

(3) C. radiata 

(1) Cynodon dactyion 

(2) Digitaria sanguinalis 
(2) Echinochloa crus-galli 
(2) Eleusine indica 

(4) Eriochloa polystachya 

(4) Melinis minutiflora 
(4) Panicum maximum 
(4) P. purpurascens 


(3) Paspalum virgatum 

(4) Pennisetum purpureum 
(4) Phragmites communis 

(i) Saccharum oftlcinarum 
(3) Setaria geiiiculata 

(3) S. setosa 

(3) Sorghastrum setosum 

( 1 ) Sorghu m halepense 

(2) S. vulgare 

(3) Sporobolus cubensis 
(3) S. indicus 

(i) S. poiretii 




Summary 


I. A survey of the flora of Puerto Rico 
has disclosed the existence of certain 


anemophilous plants which may be of 


potential danger to allergic individuals. 
There are no reports, however, of clinical 
studies of the pollen allergies caused by 
these plants. 


2. Some of the wind-pollinated species 


growing in Puerto Rico are identical 


with those of the United States, Mexico, 
Argentina, Brazil, Uruguay, Cuba, and 
Bermuda. It has been determined in the 


latter locations that many of these plants 
cause pollinosis. Other island plants 
related to the allergenic species of those 
countries; and still others, although 
related, contribute a large amount of pol 


len to the atmosphere. Thus, they may 
prove to be definite factors in pollen al- 
lergy. 

3. The anemophilous plants are dis- 
cussed, and comparisons are made. Lists 
of the grasses, herbaceous plants, and 
trees and slirubs of probable allergenicity 
are presented. 

4. This investigation suggests as a 
basis for future clinical study the rela- 
tionship between the uninvestigated ane- 
mophilous plants of Puerto Rico and the 
allergenic plants of North, Central, and 
South America. 

Department of Pharmacognosy 
University of Pittsburgh 
School of Pharmacy 
Pittsburgh, Pennsylvania 
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Grasses — contimied 
(3) S. pyramidatus 

(3) S. virgin i CHS 

(2) Steiiotaphrum secunda- 

tum 

(1) Tricliolaene rosea 

(4) Tripsacum laxum 

(3) Uniola laxa 

(3) Vetiveria zizanoides 

(2) Zea mays 

Herbaceous plants: 

(i) Amaranthus crassipes 

(i) A. cruentus 

(i) A. dubius 

(i) A. gracilis 

(i) A. spinosus 

(i) A. viridis 

(1) Ambrosia hispida 

(3) A. peruviana 

(2) Artemisia absinthium 

(3) Atriplex peiitandra 

(2) Carduus mexicanus 

(3) Carex polystachya 

(2) Celosia argeiitea 

(2) C, cristata 

(2) C. nitida 

(i) Chenopodium ambro- 
sioides 


(1) C. mu rale 

(2) Cynara scolymus 

(2) Helian thus aim uus 

(3) Iresine celosia 

(2) I. paniculata 

(2) Matricaria parthenium 

(2) Parthenium hyste- 
rophorus 

(2) Persicaria acuminata 

(3) P. portoricensis 

(2) P. punctata 

(2) P. segetum 
(2) Piiea microphylla 

(i) Plantago lanceolata 

(i) P. major 

(1) Rum ex crispus 

(2) Salicornia bigelovii 

(2) Senecio hieracifolia 
(2) Typha angustifolia 

(2) Urtica spp. 

(3) Xanthium chinense 

Trees and shrubs: 

(3) Acacia anegadensis 

(3) A. macracantha 

(3) A. muricata 

(3) A. riparia 

(3) A. suma 

(3) Albizzia lebbeck 


(3) Baccharis dioica 
(i) Casuarina equisetifolia 

(3) Ceitis trinervia 

(4) Chiococca alba 

(3) Chlorophora tinctoria 

(1) Cocos nucifera 

(4) Eucalyptus citriodora 

(4) E. paniculata 

(4) E. resinifera 

(4) E. robusta 

(4) E. rostrata 

(4) E. tereticornis 

(4) E. viminalis 

(4) Ficus nitida 

(2) Hibiscus rosa-sinensis 

(4) Jasminum azoricum 

(4) J- pubescens 

(4) J. sambac 

(3) Juglans jamaicensis 

(4) Mangifera indica 

(2) Meiia azedarach 
(i) Myrica cerifera 

(1) Prosopis juliflora 

(4) Ricinus communis 

(3) Roystonea borinquena 

(4) Sabal causiarum 

(4) Ter min alia catappa 

(2) Vachellia farnesiana 
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LUTHER SMITH 


introauction 


The deficiency-duplication herein 
ported arises at meiosis from the segrega- 
tion of chromosomes involved in a het- 
erozygous reciprocal translocation 
korn (Tnticum monococcuM L.^ n = 7). 
The fact that a gametophyte with a de 
ficiency is functional in this diploid 

Missouri College of Agriculture, journal series 
paper no. 1018. Investigation carried out at Co- 
lumbia, Missouri, under auspices of United States 
Department of Agriculture and Missouri Agricul- 
tural Experiment Station. 


wheat is of interest in itself and suggests 
that there may be duplicated chromo- 
somes or parts of chromosomes in this 
species and that the basic number of 
chromosomes in wheat may be less than 
seven. The deficiency-duplication is of 
interest also because of the practical use 
that can be made of the altered trans- 
mission of factors in the deficient and 
duplicated chromosomes. In nonpoly- 
ploid species a deficiency-duplication 
complex should have an advantage over 
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trisomes in the study of inheritance of 
factors for disease resistance and other 
characters difficult to study by usual 
methods, because one could be selected 
that had less effect on viability. 

Observations 

Origin and description op plants 

WITH DEFICIENCY-DUPLICATION.— num- 


when selfed, produced three types of off- 
spring: (a) Somewhat less than half had 
seven pairs of chromosomes at meiosis 
and appeared normal, (b) A correspond- 
ing proportion had a ring (or chain) of 
four chromosomes and were also norma! 
in external appearance, (c) The re- 
mainder, or about 7% (based on a popu- 
lation of 900 plants, of which 102 were 



Fig. I. — Arrangements of chromosomes at first meiotic metaphase in pollen mother cells of plants with 
deficiency-duplication, (a), group of five cells from anther, showing various configurations of chromosomes; 
at 3:00 o’clock, zigzag chain of four chromosomes and probably one open and four closed pairs; at 4:00 
o’clock, slightly out of focus, one open and six closed pairs; at 6;oo o’clock, two open and five closed pairs; 
at 9:00 o’clock, open chain of four chromosomes and probably five closed pairs; at 12:00 o’clock, seven 
dosed pairs. X420. (6), cell from plant with deficiency-duplication showing seven closed pairs. X850. (c), 
cell from same plant as b showing attachment between two pairs, presumably as result of pairing among 
three homologous segments. X8so. (d), configuration similar to that shown in c, but from plant in which 
three pairs of chromosomes were involved in complex. X8so. 


ber of reciprocal translocations were ob- 
tained as a result of X-ray treatments of 
dormant seeds of einkorn (11,12). Plants 
heterozygous for one of these, hereafter 
referred to as “Ring no. 12,’’ had a chain 
of four chromosomes in 56% and a ring 
of four chromosomes in 44% of the 275 
pollen mother cells tabulated, which sug- 
gested that one of the translocated seg- 
ments was relatively short. 

Plants heterozygous for Ring no. 12, 


examined cytologically), had seven pairs 
of chromosomes in some pollen mother 
cells and five pairs, plus a chain of four 
chromosomes, in others. In some cells 
two pairs were attached but not in a 
manner to be classed as a chain of four 
(see fig. I for types of configurations of 
chromosomes observed in plants with 
deficiency-duplication). Consideration of 
the evidence has led to the conclusion 
that plants with five pairs plus a chain of 
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four chromosomes in some pollen mother norma] plants seemed identical. In table 
cells and seven pairs in others had re- i are presented data on the arrangements 
ceived a gamete with a deficiency and a of chromosomes at microsporogenesis in 
duplication resulting from the segrega- normal, Ring no. 12, and deficiency-dup- 
hon of chromosomes in the heterozygous lication sib plants, 
interchange. “Deficiency-duplication” is Sixty-five plants with the deficiency- 
a term used to designate such gametes duplication averaged 79 cm. in height 

TABLE 1 

Arrangements of chromosomes in normal, Ring no. 12, 

AND deficiency-duplication SIB PLANTS 


No. OF POLLEN MOTHER CELLS WITH INDICATED 
ARILVNGEMENTS OF CHROMOSOMES 


Plants 



7 pairs, 
closed 

7 pairs, 

1 open 

7 pairs, 

2 open 

7 pairs, 

3 open 

Ring 
of 4 

Chain 
of 4 

Unclassi- 

fiable 

Normal 

200 

0 

41 




4 


Ring no. 12 

/ 

0 

I 2 I 

0 


4 

Deficiency-duplication . . 

33 

140 

37 

0 

4 

154 

167 

122 

69 


Not examined critically for rings or chains of more than two chromosomes. 
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Transmission of deficiency-duplication in einkorn 


Parent plants 


Constitution of progeny (no.) 


9 

& 

Normal 

Def.-dup. 

Haploid 

Triploid 

Total 

Normal 

Normal 

Normal 

Ring no. 1 2 
Ring no. 12 
Def.-dup. 
Def.-dup. 

Normal 

Ring no. 12 
Def.-dup. 
Normal 
' Ring no. 12 
Normal 
Def.-dup. 

697 

986* 

92 

15* 

824* 

240 

460 

0 

2 

0 

2 

59 

117 

309 

0 

36 1 

1 

0 

0 

II 

2 

0 

2 

0 

0 

3 

13 

22 

697 (o)t 

1026 (loi) 

93 (3) 

^.7 (17) 

886 (102) 

381 (94) 

793 (270) 


plants, 


t Some but not all these haploMs were result & delay^ poIlinSon 


and the plants that receive them. Plants 
heterozygous for the deficiency-duplica- 
tion (no homozygotes were observed) 
were somewhat slow in development, had 
fine leaves and spikes, and had small and 
somewhat defective pollen. Apparently 
only one of the possible types of gametes 
receiving deficiency-duplication com- 
plexes was viable, because the meiotic 
and external appearance of all the ab- 


and bore eighteen culms each as com- 
pared with 86 cm. and sixteen culms for 
each of 151 normal sibs. They resembled 
haploids except that they were larger, 
more vigorous, and fairly fertile. The 
fertility of four exceptionally vigorous 
plants with the deficiency-duplication 
(including both primary and secondary 
florets) was 49% as compared with 54% 
for four normal, and with 62^ for one 
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ring-forming sib. The numbers of florets 
tabulated were 632, 893, and 340, re- 
spectively. 

Transmission of deficiency-ditpli- 
CATiON COMPLEX. — Data from tests of 
sib plants dealing with the inheritance of 
the deficienc37--duplication complex are 
presented in table 2. Of the nine possible 
combinations of the three types of female 
and male parents, all were tested except 
the reciprocal cross between plants with 
the deficiency-duplication and Ring no. 
12. These two combinations would give 
little information on transmission of the 
complex. The other tests showed that 
transmission of the deficiency-duplica- 
tion was almost entirely through the fe- 
male gametes of plants with Ring no. 12 
(7%) or with the deficiency-duplication 
(30-40%). 

There were two instances (among 1 1 19 
plants in which it could be detected) of 
transmission of the deficiency-duplica- 
tion through the pollen of Ring no. 12 
plants. These two individuals had the 
typical external appearance and meiotic 
behavior of plants with the complex. 

Plants with the deficiency-duplication 
produced an unusual proportion of hap- 
loid and triploid progeny. Most, and per- 
haps all, of the triploids had the de- 
ficiency-duplication. This was indicated 
by macroscopic and microscopic observa- 
tions, but it was not determined whether 
they had one or two chromosomes with 
the deficiency-duplication. 

Effect of deficiency-duplication 
COMPLEX ON inheritance OF FACTORS 
FOR MUTANT CHARACTERS. — The pre- 
sumed derivation and chromosomal con- 
stitution of plants with the deficiency- 
duplication are shown in figure 2. The 
more common constitution, obtained by 
crossing a plant having the deficiency- 
duplication with a normal (also present 
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in half the deficiency-duplication plants 
in seifed progenies of plants heterozygous 
for Ring no. 12), is shown in d and c. 
H}pothetical factors are shown in d and 


A B C 


A 

D D ' 

ii..... jC 

A 

~ " 

B B 

A 

, / B - ......C 

A 

\ B 'C 

B 

A 

D / 

. .. .. y l .....x 

A 

1 c 


b'‘b 

A n 

0 

0 P B v _w .C 

2— y 


A "T ' + " B + 


B 


Fig. 2. — Diagram showing derivation and chro- 
mosomal constitution of plants with some pollen 
mother cells having seven pairs of chromosomes and 
others having five pairs plus chain of four, (a ) , as- 
sociation of four chromosomes resulting from inter- 
change between two nonhomologous chromosomes 
at points indicated by arrows. Points of interchange 
are hypothetical. One type of separation would pro- 
duce viable spores with chromosomes A B CJB, 
which would be deficient for only small segment D 
and have a duplication for segment B, {b and c), 
configurations of chromosomes in pollen mother 
cells of plants receiving A B C B and interchanged 
chromosomes AD CJB. There would be either (b) 
seven pairs of chromosomes (here and elsewhere in 
this paper unaffected chromosomes are referred to 
but not diagrammed) with one pair usually open, 
D A A B , or (c) five pairs plus chain of four, 
D A A B B C CJB. {d and e), configurations of chro- 
mosomes in pollen mother cells of plants receiving 
A B C B and normal chromosomes A B C D. There 
would be (d) seven pairs of chromosomes wdth one 
pair usually open, D C C B, or (e) five pairs plus a 
chain of four, B A A B B C C D. 
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may be used to illustrate the effect of the 
deficiency-duplication on the inheritance 
of factors at various loci along the 
chromosomes. 

A recessive factor (for example, u) in 
the region of the normal chromosome, 
corresponding to the segment missing 
from the deficient chromosome, should 
appear as a “pseudo-dominant” in plants 
with the deficiency-duplication. A factor 
(for example, i') in the same general re- 
gion of the chromosome, whether or not 
opposite the deficient segment, would 
segregate in higher than normal ratio be- 


cause of the competitive advantage of 
gametophytes with normal chromosomes 
over gametophytes with the deficiency- 
duplication. 

A factor (for example, ui) far enough re- 
moved from the deficiency-duplication to 
approach 50% crossing over with it would 
segregate in normal ratio. Characters de- 
termined by factors in the triplicated 
segment would segregate in approximate- 
ly 7 = C 3 ^ C and I : i (not trisomic) ratios 
in self ed and in the two kinds of recipro- 
cally backcrossed progenies because of 
the difference in functioning of male and 



TABLE 3 

Effect of deficiency- duplication on inheritance of mutant characters 


Linkage 

GROUP -f* 


A... 

A. . 

A.. 

A. . 

B. . 

B.. 

B.. , 

B. . . 

C. . . 

C... 

C... 

C. .. 
C. . . 

C. . . 

D. . . 
D. . . 
D. . . 
B. . . 
D. . . 
D. . . 

D. . . 
D. . . 
F.... 
F.i . 


Parent 
plants t 


Normal 

Def.-dup. 

Normal 

Def.-dup. 

Normal 

Def.-dup. 

Normal 

Def.-dup. 

Normal 

Def.-dup. 

Normal 

Def.-dup. 

Normal 

Def.-dup. 

Normal 

Def.-dup. 

Normal 

Def.-dup. 

Normal 

Def.-dup. 

Normal 

Def.-dup. 

Normal 

Def.-dup. 

Normal 

Def.-dup. 

Normal 

Def.-dup. 


Factor 

SEGRE- 

GATING 


gl-I 

gl- 1 ^ 

wi 

wi 

yg 

yg 

e-2 

e-2 

yx-2 

yx~2 

y 

y 

ga 

ga- 

ys 

js 

cx-i 

cx-i 

g 

g 

e-i 

e-i 

ar-2 

ar-2 


Constitution of progeny 


* See %, 3 for linkage group, 
t Normals were not necessarily sibs of deficiency-duplication plants 


Total 

(no.) 

Dominant 

phenotype 

(no.) 

Recessive phenotype 

No. 

% 

Standard 

devia- 

tion 

2839 

2082 

757 

27 

I 

23 X 

1 78 

53 

23 

3 

3390 

2652 

738 

22 

I 

55 

46 

9 

16 

5 

2121 

1612 

509 

24 

I 

275 

214 

61 

22 

3 

2141 

1647 

494 

23 

I 

242 

177 

65 

27 

3 

2510 

1949 

S6i 

22 

I 

183 

xsi 

32 

17 

3 

3683 

2927 

756 

21 

I 

II 7 

' 87 

30 

26 

4 

X413 

! 1108 

305 

22 

I 

147 

117 

30 

20 

4 

3090 

2309 

780 

25 

I 

322 

260 

62 

19 

2 

959 

750 

209 

22 

I 

199 

155 

44 

22 

3 

X47B 

1164 

314 

21 

I 

16 

13 

3 

19 

10 

804 

643 

161 

20 

I ' 

160 

129 

31 

19 

3 

X434 

1064 

370 

26 

■■ ^ I 

199 

10 

43 

22"^''„', 

3 

5227 

4447 

780 

'"'X 5 : 

I 

402 

262 

140 

35 ' 

2 

1157 

963 

194 

17 

I ■ . 

601 

370 

231 

'■■'■'..A'':'''; 

38 
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female germ cells, with the deficiency- 
duplication. Factors (for example, 0 and 
n) not included in the triplicated seg- 
ment ill the homologous bivalent should 
segregate in normal ratios. 

Fourteen factors (table 3 and fig. 3) 
were tested for ^‘pseudo-dominance' ’ and 


Nor.mal plants heterozygous for e-i or 
ar-2 (as well as plants heterozygous for 
certain other factors in other chromo- 
somes) had significantly less than 25% of 
the progeny with the recessive pheno- 
type. This was not due to poor classifi- 
ability, at least in the case of e-i e~i 


* * 
ar-a gl-2 c-1 j 


cp 


B, 




F. 


f s-a 

* 

* 

wi 

t - 

* 



e-2 

yx-2 

yg 


* ^ 



ga js 

y 

B Gp 


* 


cx -3 



map of factors known 

to be linked in 

einkorn (see Smith [ii] fc 


an--2 

gv 


c-2 

cx~l 


pa-a 

lx-2 


Fig. 3.— -Lir 

characters). One inch represents approximately 15 crossover units. Orders of some of factors on chart (as 
well as all factors on right-hand margin) were not definitely established. Groups of linked factors are not 
necessarily on different chromosomes. However, one or more factors in each group (and e-i) were tested 
with factors in each of the other groups and found to be apparently unlinked. An asterisk f;b indicates fac- 
tors tested for “pseudo-dominance” and abnormal segregation in plants with deficiency-duplication. 


for abnormal segregation. None showed 
‘‘pseudo-dominance” but two (e-i and 
ar-2) segregated in unusual ratios in the 
selfed progeny of plants with the de- 
ficiency-duplication. The results indi- 
cated that e-i and ar-2 are in the same 
pair of chromosomes (CJD in fig. 2), but 
tests on the linkage relations of these 
factors in normal plants have not been 
completed. 


plants, and was probably not due to poor 
viability. Apparently a considerable 
number of genes, like the wx gene in 
maize (14), affect the transmission of the 
chromosomes containing them. 

Discussion 

The fact that a gamete with the de- 
ficiency-duplication is viable in einkorn 
suggests that the species may have dup- 
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lications of segments or whole chromo- 
somes. Such a conclusion would be dif- 
ficult to substantiate with evidence. The 
basic number of chromosomes in einkorn 
has already been discussed by Smith 
(13), but it may be added here that even 
if it were proved that pairing in haploids 
of this species occurs between two par- 
ticular chromosomes (or parts of chromo- 
somes), or that any additional viable de- 
ficiency-duplication complexes involved 
these same chromosomes, there would 
still be no indubitable proof that the 
basic number of chromosomes is less than 
seven. 

Whatever the explanation of the de- 
ficiency-duplication may be, the results 
provide a very useful application of the 
inheritance of factors in the affected 
chromosomes. The deficiency-duplica- 
tion complex should prove of use in locat- 
ing factors in ordinary linkage mapping 
and of value in studying the factorial 
foundation of such quantitative charac- 
ters as disease resistance, quality, and 
yield. The deficiency-duplication would 
so alter the inheritance of such factors 
^ (in species where the method is prac- 
I ticable) that it should be possible to 
t study their inheritance effectively. 

In most diploid species in which a 
large deficiency would probably not be 
tolerated in the gametophyte genera- 
tion, the interchanges most likely to pro- 
vide the viable deficiency-duplication 
segregates desired would be those ap- 
pearing as a chain, instead of a ring, of 
four chromosomes at meiosis in a consid- 
erable proportion of the pollen mother 
cells. To be most useful, the plants with 
the deficiency-duplication should be dis- 
tinguishable macroscopically, in order to 
obviate the necessity of identifying the 
affected plants cytologically. 

If the deficiency-duplication complex 
could not be associated with other chro- 


mosomes, its usefulness would be limited, 
because additional, viable deficiency- 
duplication complexes would have to be 
found for the various chromosomes. It is 
possible, however, by inducing another 
interchange, to associate the deficiency- 
duplication with any third pair of chro- 
mosomes to form a chain of six (chain of 
four in some sporocytes). Thus, a single 
viable deficiency-duplication would suf- 
fice in a species for altering the transmis- 
sion of any chromosome of the genom. 

There are four possible types of inter- 
change involving a different arm of the 
two pairs of chromosomes in the de- 
ficiency-duplication complex with a third 
pair of chromosomes, but only the most 
useful type is illustrated in figure 4.^ A 
plant with the arrangement of chromo- 
somes shown would be approximately 
semisterile (if segregation were not di- 
rected) as compared with (potentially) 
full fertility in a deficiency-duplication 
plant with seven pairs or a chain of four 
plus five pairs. However, the only viable 
gametes (exclusive of certain kinds of 
crossovers) would be those with a normal 
set of chromosomes and those with the 
interchanges and deficiency-duplication. 
Thus, any genetic factors linked with the 
deficiency-duplication in the chromo- 
somes B F and C E would be altered in 
their transmission. The degree of the 
change in transmission would depend on 
the amount of crossing-over between the 
factors and the interchange or deficiency 
breaks. 

^ In addition to interchanges involving both arms 
of a chromosome, there would, of course, be in- 
stances in which the second interchange involved the 
same arm as the first. To illustrate and discuss all 
these possibilities, and the effect crossing-over would 
have on the transmission of factors located at various 
points on the affected chromosomes, would require a 
great deal of space. It is felt that the information al- 
ready given and fig. 4 will suggest to the reader the 
possibilities of using a deficiency-duplication (or 
other abnormalities with similar effects on the trans- 
mission of chromosomes) in genetic studies. 
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Crossovers would interfere somewliat 
with the use of the complex^ and it may 
be necessary to use interchanges with 
breaks closer to the deficiency-duplica- 
tion than the one illustrated in figure 4, in 
order to have transmission of genes in 

A 


B B 



d’d 


would be a new- chromosome F D . which, 
if combined with chromosomes of the 
proper constitution, would result in an 
entirely new interchange heterozygote. 

In this connection it seems desirable 
to point out that additional observations 

t.D E f, F 

F.F 

H E 

‘ E 

c'c 




GatneTes fonned: A 8 g F [ E Inviable 

A B B F C E Viable, Def-Dup. 

A B Q P F E Viable, Norinai 

A B C p C E Inviable 

Fig. 4. Diagram showing derivation and chromosomal constitution of plants with deficiency-duplication 
involving three pairs of chromosomes, (a), association of six chromosomes resulting from interchanges among 
three nonhomologous chromosomes at points indicated by arrows. One type of separation would produce 
viable spores with chromosomes A B B F C E which would have same deficiency-duplication as observed in 
plants with seven pairs or chain of four plus five pairs (fig. 2), (b and c), configurations of chromosomes in 
pollen mother cells of plants receiving A B B F C E and normal chromosomes A B C D E F. Some cells 
would have five pairs plus chain of four (6); others four pairs plus chain of six (c). Note that only viable 
spores (non-crossover) formed by plant with deficiency-duplication would contain normal set of chromosomes 
or deficiency-duplication complex which would form a chain of six (or four) at meiosis, when combined with 
normal chromosomes. See text. 


both deficiency-duplication and the in- 
terchanged chromosomes affected. Also, 
a crossover at X in either or c (fig. 4) 
could result in the production of a plant 
having a deficiency-duplication involving 
two instead of three pairs of chromo- 
somes (which, however, should be dis- 
tinguishable on the basis of fertility). 
The complementary crossover strand 


are needed for an interpretation of the 
effect of crossing-over on ring and chain 
configurations at meiotic inetapbase in 
plants heterozygous for interchanges. 
The current view is that, if an inter- 
change frequently results in a chain, in- 
stead of in a ring of four, one of the pieces 
translocated is short. If the piece trans- 
located is short, however, the segment 
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between the centromere and the point of 
interchange should, in some chromo- 
somes, be long. In such a long segment 
the chiasma frequency should be prac- 
tically unaltered, and there would be 
chiasmata on both sides of the cen- 
tromeres of the four chromosomes in- 
Yolved in the interchange (fig. 2). Such a 
configuration ought to be distinctive (be- 
cause, supposedly, chiasmata cannot ter- 
minalize across centromeres or points of 
interchange) and worthy of note. In the 
present study, for example, these con- 
figurations, with chiasmata on both 
sides of the centromeres, should have oc- 
curred about as frequently in plants with 
Ring no. 12 as seven closed pairs occurred 
in plants with the deficiency-duplication 
(table i). This would be expected unless 
the formation of a ring or chain inter- 
fered with (precluded) chiasma forma- 
tion between the centromeres and the 
breaks, which seems unlikely. Rhoades 
(8) also reported observations that did 
not fit prevailing concepts “relating 
crossing over to chiasmata and chias- 
mata to post-diplotene association.^’ An- 
other consequence of crossing-over in 
heterozygous interchanges is discussed in 
the next paragraph. 

A crossover between the centromere 
and the break in either or both arms of 
chromosomes involved in an interchange 
(e.g., involving two pairs of chromo- 
somes) would be expected to result in a 
zigzag arrangement of chromosomes at 
first meiotic metaphase owing to the ter- 
minalization of the chiasma. In favorable 
cells it should be possible to observe the 
exchange of strands at the point of over- 
lap in the figure-of-eight. Therefore, the 
proportions of adjacent and alternate 
disjunctions might vary with different 
interchanges, depending upon the fre- 
quencies of crossing-over between the 
centromeres and the breaks. Half the 


spores from sporocytes in which such a 
crossover had occurred would have a de- 
ficiency and a duplication and (ordinar- 
ily) would be nonviable. Thus, in maize, 
if a zigzag arrangement of the chromo- 
somes at first meiotic metaphase was due 
to crossing-over between the centromere 
and the point of interchange, even the 
zigzag segregates would result in 50% 
sterility, just as in cases in which ad- 
jacent chromosomes went to the same 
pole. 

Evidently, zigzag configurations are 
not all due to crossing-over (with result- 
ing nonviable spores) in diploid and 
tetraploid wheat, because the percentage 
of sterility in plants with a ring of four is 
considerably less than half the percent- 
age of zigzag configurations. 

The frequency of individuals with the 
deficiency-duplication among the prog- 
eny of plants with Ring no. 12 (7%) indi- 
cates that the frequency of zigzag con- 
figurations of the chromosomes in the 
ring (or chain) was about 93% (possibly 
somewhat less, since the deficiency-dup- 
lication apparently reduced viability 
somewhat and since the chromosomes 
occasionally may have been oriented on 
the spindle in a different way). This de- 
gree of directed segregation approaches 
the percentage of fertility (89%) ob- 
served in plants with a ring (or chain) of 
four chromosomes (12). 

Burnham (2) reported a similar case 
of viable deficiency-duplication in maize 
arising from an interchange involving 
only a few chromomeres of the satellited 
chromosome. The deficiency-duplication 
behaved in a manner similar to that of 
the deficiency-duplication reported here- 
in and could presumably be used in the 
same manner. However, the transloca- 
tions of the B chromosome studied by 
Roman (9) may prove to be even more 
useful in determining linkage relations of 
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genes in maize, since crossing is so easily 
accomplished in this species. Anderson 
( i) has also pointed out the usefulness of 
interchanges in maize for the study of 
linkage relations, especially of factors for 
traits of economic importance. 

Sears (10) reported a viable de- 
ficiency-duplication segregate from a 
ring of four chromosomes in the hexa- 
ploid wheat, Triticum vulgar e. Plants 
with a deficiency-duplication should be 
fairly common in polyploid species of 
wheat, oats, tobacco, and others in which 
deficiencies of whole chromosomes or 
even pairs of chromosomes have been 
reported. In such polyploids, trisomes, 
monosomes, or nullisomes could prob- 
ably be used more efficiently than a de- 
ficiency-duplication complex in studies 
of linkage relations. However, duplicate 
and triplicate factors, as well as modi- 
fiers, will still complicate linkage studies 
in polyploids. 

Few cases of viable deficiencies in dip- 
loid species of plants have been recorded. 
The writer has observed a few instances 
of viable deficiencies resulting from X- 
ray treatments of mature pollen and dor- 
mant seeds of einkorn (unpublished ob- 
servations). Haplo-viable deficiencies in 
maize have also been reported by Stab- 
ler (15) to result from X-ray treatments, 
and Creighton (3) and McClintock 
(4, 5, 6) reported homozygous deficien- 
cies in the same species. Simple de- 
fidencies, such as those reported by 
Stabler and by others, could be used, in 
the manner herein described, to deter- 
mine whether factors were located in the 
chromosome pair in which the deficiency 
was located and could be associated with 
additional chromosomes by means of in- 
terchanges. Similar use could be made of 
fragments of chromosomes, such as the 
telocentric chromosome in maize studied 
by Rhoades (7), that could be connected 


with any pair of chromosomes by an in- 
terchange, The usefulness of these aber- 
rations in locating genes will depend on 
the extent of the regions of the chromo- 
somes in which the transmission of the 
genes is altered. This extent will in turn 
depend upon the amount of crossing-over 
between the genes and the breaks, which 
can be determined only by experiment. 

Summary 

1. In the selfed progeny of plants of 
Triticum monococcuMj heterozygous for a 
reciprocal translocation, about 93% of 
the plants appeared normal and about 
7% abnormal. The abnormal plants 
were somewhat smaller than normal sibs 
and had slightly defective pollen and 
some sterility. Approximately half the 
normal-appearing plants had seven pairs 
of chromosomes at meiosis, and the other 
half were heterozygous for the inter- 
change. Two types of configurations were 
observed at microsporogenesis in the ab- 
normal-appearing plants. In some pollen 
mother cells there were five pairs plus a 
chain of four chromosomes at first meta- * 
phase; iii other cells there were seven 
pairs, 

2. The evidence supports the assump- 
tion that the abnormal plants had re- 
ceived a gamete with a deficiency-dupli- 
cation resulting from the segregation of 
the chromosomes in the heterozygous in- 
terchange. The deficiency-duplication 
was transmitted by 30-40% of the fe- 
male gametes, but by very few of the 
male gametes. Twelve factors in five 
linkage groups were not influenced in 
their inheritance by the deficiency-dupli- 
cation. Two other factors were found to 
be greatly influenced in their transmis- 
sion by the deficiency-duplication. Thus, 
the complex helped to establish an ap- 
parently new linkage group. 
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3. The deficiency-duplication is of in- 
terest (a) because of its occurrence in a 
nonpolyploid species of wheat and (b) be- 
cause of the possibility that such an ir- 
regularity may be of value in determin- 
ing the inheritance and linkage relations 
of genes. The problem of associating the 
deficiency-duplication with other chro- 


mosomes is discussed, and a diagram is 
presented showing how any third pair of 
chromosomes could be successfully linked 
with the complex by means of an inter- 
change. 

Department of Agronomy 
State College of Washington 
Pullman, Washington 
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Introduction 

Application of 3-indoleacetic acid to 
stems of bean plants is followed by the 
movement of sugars and soluble nitrog- 

Biocliemist; * Associate Biochemist; 3 Senior 
Physiologist; 4 formerly Assistant Plant Physiolo- 
gist, Division of Fruit and Vegetable Crops and 
Diseases; s Junior Chemist, Division of Soils, Fer- 
tilizers and Irrigation, Bureau of Plant Industry, 
Soils and Agricultural Engineering, Agricultural Re- 
search^ Administration, United States Department 


enous compounds from other parts of 
the plant to the treated region. Starch is 
hydrolyzed in the treated region, and 
correspondingly there is an increase in 
water-soluble carbohydrates (i, 5> 6, 7, 

8, ii). 

This paper reports a study of changes 
in the amounts of nine inorganic elements 
in stems of bean plants following surface 
treatment with 3-indoleacetic acid. Zones 
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: about 2 mill, wide located at the mid- 
points of the first iiiternodes of young 
bean plants were coated with lanolin 
paste alone or with lanolin paste con- 
taining 2% 3-indoleacetic acid. Samples 
of the first internodes were taken at in- 
tervals after application and spectro- 
chemically analyzed. The objects of the 
investigation were (a) to determine when 
statistically significant differences oc- 
curred between the amounts of the in- 
organic elements in nontreated and 
treated stem sections and (b) to study the 
rates of accumulation of the different ele- 
ments in the treated sections. 

% 

Material and methods 

The Cal-approved” strain of Red 
Kidney bean {Phaseolus vulgaris) was 
grown in the greenhouse in clean quartz 
sand in i -quart glazed crocks, each con- 
taining two plants. A nutrient solution 
with essential minor elements was sup- 
plied at suitable intervals. When the first 
inter nodes were about 16 mm. long, the 
plants were selected for uniformity of 
height and were divided into two groups. 
In the first group, lanolin alone was ap- 
plied in a zone approximately 2 mm. wide 
around the first internode, midway be- 
tween the first and second nodes. The 
second group of plants was similarly 
treated with a lanolin paste containing 
2% 3-indoleacetic acid. The treated and 
nontreated (control) plants were ran- 
domized on a greenhouse bench. Samples 
of first internodes were taken for analysis 
o, 12, 30, 48, 72, 100, and 148 hours fol- 
lowing application. Up to and including 
the 30-hour sampling, forty plants each 
were taken for analysis from control and 
treated lots; thereafter twenty plants 
were taken each time from each group. 
Sampling was started at 9:00 a.m. on 
March 27. The daily light intensities up 


to and including April 2 were: 452, 345, 
368, S45, 427, 115, and 509 gram- 
calories/cm". 

At each sampling the lengths of first 
internodes and total plant heights were 
measured. Adherent lanolin was removed 
from control and treated stems by wiping 
the first internodes with a clean cloth. 
Then sections i cm. in length and includ- 
ing the treated regions were cut out of 
these internodes by means of two razor 
blades fastened i cm. apart in a wooden 
handle. After measurement of fresh and 
dry weights of the sections, each one was 
spectrochemically analyzed. 

Each dried stem section was placed in 
a carbon electrode suitably drilled at one 
end. The sections taken 48 hours or more 
following application had increased in 
dry weight to such an extent, however, 
that they had to be broken into two to 
four pieces which were weighed and 
handled as separate subsamples. The 
samples placed in the carbon electrodes 
were ashed at a temperature of 450° C. 
Each ash residue was evaporated in an 
electric arc, and the resultant line spec- 
trum was recorded photographically. In 
addition, each plate recorded spectra in 
triplicate for o. i -ml. aliquots from suitable 
dilutions of a standard solution. The con- 
centrations, expressed as micrograms per 
o.i ml., of the nine elements present 
were: Ca, 157.8; Mg, 86.3; P, 251.6; K, 
977.4; Fe, 13.63; Mn, 4.30; Cu, 1.42; Al, 
12.0; and B, 0.736. The transmissions of 
lines for appropriate wave lengths for the 
different elements recorded on each plate 
were measured photoelectrically. From 
the calculated densities of standard lines, 
density-log concentration curves for each 
element were plotted. From knowledge of 
the line densities of these elements in 
sample spectra, the corresponding amount 
of a given element could then readily be 
determined. Additional details of the 
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.spectrochemical procedure have been 
described. (25 3)- 

Results 
Growth data 

Highly significant increases^ in .lengths 
of treated first internodes occurred, ex-, 
cept in samples taken 100 hours after 
application (table i). Highly significant 
successive increases in total plant heights 
occurred only in samples taken 12, 30, 
and 72 hours following application. These 



Fig. I. — In control plants, relation between 
length (mm.) of first internode and length of re- 
mainder of plant follows a power law for first 100 
hours. This growth regularity was absent in treated 
plants (see table i) . 

differences apparently were not corre- 
lated with light intensities over the ex- 
perimental period. 

In the control plants the lengths of 
first internodes were related to total 
plant heights minus lengths of first inter- 
nodes in a way that can be closely de- 
scribed for the first ICO hours after appli- 
cation by equation (I) (fig. i) : 

y = 0.0000033 2X3-6^. (I) 

The maximum ' 'deviation observed 
from calculated values was less than 5%. 

^ A significant difference in all cases means sta- 
tistical significance at the 5% level. Highly sig- 
nificant differences have statistical significance at 
the 1 % level or lower. 


The equation' indicates that, during the 
period considered, the first internode of 
an untreated plant elongated more rap- 
'idly than the rest of the plant. A full dis- 
cussion of the growth of one part of an 
organism as related to the growth of 
other parts or to the whole organism has 
been given by Huxley (4) and by Need- 
ham (9). The significant fact in this ex- 
periment is that there was a regular 
growth relation in control plants which 
was entirely lacking in the treated ones. 
Table i shows that during the interval 
from 30 to 48 hours treated plants did 
not increase either in length of first inter- 
node or in total height. 

Twelve hours after application and 
subsequently the treated stem sections 
showed highly significant increases in 
fresh weight as compared with control 
sections. In both groups the amount of 
water increased as a linear function of 
time, but the slope of the curve for 
treated sections was 7.2 times as great as 
the slope of the curve for untreated sec- 
tions. 

T reated sections : y = 3 8 . 4 +■ 1 • 0 4 7 / 
N,-1.29 , (II) 

Untreated sections: y = 41.7 + 0.146/ 
5j,===2.34, (III) 

where y is the average weight (mg.) of 
water in a section, / is the time (hours) 
following treatment, and is the stand- 
ard error of estimate of y. 

The average height of untreated first 
internodes was also a linear function of 
time with a rate of increase of approxi- 
mately 0.14 mm./hr. The increase in 
height paralleled the increase in water. 
In marked contrast, dry weights of 
treated sections increased exponentially 
with time (fig. 2). The empirical equation 
involved is 




(IV) 
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where IFo is the average dry weight — 
4.95 mg. — before treatment and Wt is 
the average dry weight (mg.) after I 
hours of treatment. Observed weights 
deviated on the average from calculated 
values by 4.9%, with a maximum devia- 
tion of 8.2%. 

According to equation (IV), the dry 
weight increased i%/hr., doubling after 
69 hours and quadrupling after 138 hours 
following application. The equation 
shows, moreover, that the per-hour rate 
of increase in dry weight was also ex- 
ponential with respect to time and was 
equal to 1% of the dry weight present at 
any given time. 

Table i and figure 2 show that changes 
in dry weights of untreated sections were 
slight and irregular. 

Analytical data 

The results of analyses for nine ele- 
ments (table 2) are stated as micro- 
grams per centimeter of stem length. 
The data are expressed on a unit-length 
basis, since questions involving rates of 
accumulation of absolute amounts of dif- 
ferent elements in the stem sections were 
of primary interest. A percentage basis 
would be confusing, since it would intro- 
duce an additional factor, dry weight, 
which^ — as figure 2 clearly shows — in- 
creased exponentially with time in treated 
sections and showed little or no change in 
controls. 

Magnesium. — Thirty hours after ap- 
plication of 3-indoleacetic acid, there was 
a highly significant increase in the mag- 
nesium content of treated stem sections 
as compared with control sections. The 
differences in subsequent samplings also 
were highly significant. Magnesium in- 
creased in the treated sections at a con- 
stant rate (fig. 3) : 

Mg = 3.5 -f 0.29^ 5Mg- 1.92 (V) 


Potassium. — After 30 hours of treat- 
ment, the potassium content of treated 
sections was greater than in controls. As 
with magnesium, the difference was high- 
ly significant and continued so through- 
out the experiment. Potassium also in- 
creased at a constant rate (fig. 3) : 

K = 116-f 7.12/ SK-6i.O (VI) 

The observed value for 7 2 hours was only 
68% of the calculated value. Since the 
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Fig. 2. — Effect of 3-indoleacetic acid on dry 
weight (mg.) of midsections of first internodes of 
young bean plants. Dry weight of treated sections 
increased exponentially with time: Wt = 


potassium content for untreated sections 
at this time was also low, some significant 
but temporary fluctuation in the environ- 
ment independent of the hormone treat- 
ment was apparently responsible. 

Phosphorus.— The treated internodes 
contained more phosphorus 30 hours af- 
• ter application than did the control sec- 
tions. In one set of samples this differ- 
ence was significant, but in a second set 
the increase lacked significance. All sam- 
ples taken after 48 hours or more of 
treatment showed highly significant in- 
creases. Phosphorus in treated stem sec- 
tions increased exponentially with time 


i 



TABLE 1 

Effects of treating stems (middle of first internode) of bean plants 

WITH 2% 3-INDOLEACETIC ACID IN LANOLIN PASTE 


Time after 

Length of 

FIRST INTERNODE 

(mm.) 

Total height 
(mm.) 

Wet weight (mg.) of 

SECTION I CM. IN LENGTH 


Dry weight (mg.) op 
section I CM. 

IN LENGTH 

(HR.) 

Con- 

trol 

Treated 

Diff. 

Control 

Treated 

Diff. 

Con- 

trol 

Treated 

Diff. 


Con- 

trol 

Treated 

Diff. 


16.4 

17.2 



87.3 

89.7 



45 

48.0 




4.9 



12 

20.3 

3 * 

94.6 

5t 

54-1 

6.1I 


5-2 

5-2 

0.0 

30 . 

20.6 

27 . 1 

61 

95.1 

102.7 

St 

52-9 

76.9 

24. oi 


5.6 

7.0 

i. 4 t 

4 S 

23.0 

26. g 

4t 

100.8 

IC 2.0 

I 

55-9 

97-2 

41 - 3 * 


5-2 

8.3 

3 - if 

72 

239 

30.6 

7t 

103.0 

113-7 

Ilf 

57-4 

123.6 

66.2' 


5.0 

10. 0 

5 . 0 * 1 * 

100 

30.6 

31.8 

2 

114.9 

114.7 

0 

61.9 i 

162.4 

100.5^ 


S' 6 

14.7 

9 -it 

148 

30. 2 

! 

34-4 

3t 

120. 1 

122.3 

I 2 

; 68.6 

2 1 1 . 8 

143.2* 


6.1 

20.5 

14. 4t 


* Significant at i.o% level. t Signi leant at o.i% level. 


TABLE 2 

Results of spectrochemical analysis of kidney bean stems treated with 
2 % 3-INDOLEACETIC acid in lanolin, with controls 


Time in hours 

after application 

CALCIU.VI 

Magnesium 

Phosphorus 

Control 

Treated 

Control 

Treated 

Control 

Treated 

Q . 

7 . 0 


5.6 


21.9 








12 

II . 4 

10. 2 

6.1 

6.8 

22.6 

23.8 

30 

13-8 

15-4 

6.4 

12. 1 

25.8 

29.6 

48..... 

22 . I 

23.0 

6.9 

16.4 

22 , I 

37.9 

72 

25.3 

27.1 

8.7 

24.0 

19.5 

62.4 

100 

40.6 

■45.6 

7.6 

29.3 

21 .0 

76.5 

148 

II4.5 

103.0 

19.0 

49-0 

16.4 

88.0 


Potassium 

Iron 

Copper 


Control 

Treated 

Control 

Treated 

Control 

Treated 

0 

163 


0.390 


0.091 






12 

195 

204 

-333 

0,300 

.087 

0.084 

30 . 

232 

350 

•383 

0.377 

-075 

- 0S3 

48. 

221 

444 

.470 

0.690 

-075 

. no 

72 

156 

495 

.450 

0.700 

. no 

.180 

100 

277 

866 

.310 

O.S50 

.094 

.282 

148 

358 

1210 

0.400 

1.430 

0. 104 

0.232 


Mang.anese 

.Aluminum 

Boron 


Control 

Treated 

Control 

Treated 

Control 

Treated 

0 

0. 17 


0.26 


0.0140 







12 

.18 

0. 19 

°-33 

0-35 

.0125 

0.0115 

30..... 

.20 

0.26 

0.34 

0.32 

.0112 

.0130 

48. 

•30 

0-59 

0.30 

0.40 

.0102 

.0195 

72 

.40 

0.93 

0.25 

0.48 

.0087 

.0227 


.25 

0.88 

0.31 

0.63 

.0054 

.0166 

148 

0.72 

1-34 

2 . II 

1.97 

0.0047 

0.0350 
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for the first 100 hours of treatment (fig. 
3). 

P = 20.81 (VII) 

The average deviation of the calculated 
values was 5.7% of the observed ones. 
A maximum deviation of 11% occurred 
in the 72-hour sample. 

Manganese. — A significant increase in 
the manganese content of treated stem 
sections was noted 30 hours following ap- 
plication of 3-indoleacetic acid. All sub- 
sequent differences were higlily signifi- 
cant. The data strongly suggest that 
manganese accumulated in the treated 
sections as a linear function of time. 
Relatively poor precision in the spectro- 
chemical determination of this element 
prevented critical evaluation of this rela- 
tion. 

Copper. — Increases in copper content 
of treated compared with untreated stem 
sections were first significant 48 hours 
after application. Subsequent increases 
were all significant except for the 100- 
hour samples, in which there was an 
unusual variability in the analyses. 

Iron, — Seventy-two, 100, and 148 
hours after application highly significant 
increases in iron occurred in treated sec- 
tions in comparison with controls. 

Aluminum. — -Samples taken from 
treated sections after 72 and 100 hours 
were significantly greater in their alu- 
minum content than control sections. 
The marked increases in both control and 
treated sections in the interval from 100 
to 148 hours are noteworthy. 

Boron. — At the 30-hour sampling and 
thereafter, significant increases occurred 
in the boron content of treated as com- 
pared with control sections. The data 
show that the absolute value of the 
boron present in the control sections de- 
creased regularly with time, which pos- 
sibly indicates that it was translocated to 
the growing points. On the other hand, 


the boron content of treated sections in- 
creased with time. It should be pointed 
out that the values for boron recorded in 
table 2 were obtained by extrapolation 
of the standard curves, since the boron 
content in the samples was less than that 
of the highest dilution of the stock solu- 
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Fig. 3. — Above, effect of 3-incioleacetic acid on 
amounts of P, Mg, and K in midsections of first in- 
ternodes of young bean plants (for relatively slight 
changes in untreated plants see table 2). Below, effect 
on calcium content. Abscissae are same in both 
graphs. 

tion. Recording the data to the fourth 
decimal place was considered justifiable 
in view of the differences so revealed. 

Calcium. — In contrast to the other 
elements measured, calcium did not, 
with one exception, show any significant 
increases in content as a result of treating 
stems with 3-indoleacetic acid. One of 
two subsamples for the 72-hour sam- 
pling showed unusually small variability 
and hence a highly significant difference. 
Calcium accumulated in both treated 
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and control sections as an exponential 
function of time (fig. 3). The equations 
are: 

Treated sections: Ca = 8. 66 

Sca = 3,97, (VIII) 

Control sections: Ca = 

Sca=3.97. (IX) 
Discussion 

It is obvious that the increased growth 
stimulated by the application of 3-indole- 
acetic acid required the participation of 
numerous enzyme systems. A striking 
phase in the recent development of bio- 
chemistry has been the recognition that 
various metals are essential to many 
enzymes either as components or as ac- 
tivators. Furthermore, in some cases a 
metal may strongly inhibit an enzyme 
(12). Thus carboxylase is a diphospho- 
thiamin-Mg-protein compound, enolase 
is a Mg-protein compound, polyphenol 
oxidase is a Cu-protein compound, while 
iron enters into the structure of catalase, 
peroxidase, the cytochromes, cytochrome 
oxidase, and cytochrome peroxidase. 
Magnesium, calcium, and manganese ac- 
tivate a number of enzyme systems. 
Catalysed additions of the phosphate 
radical to, and subtraction from, various 
molecules are attended by important 
energy changes. 

One would then expect that growth of 
bean stems stimulated by the application 
of 3-indoleacetic acid would involve the 
mobilization and accumulation of various 
metals, quite apart from the participa- 
tion of the elements in protoplasmic 
structure (e.g,, phosphorus in phospholi- 
pids and nucleoproteins). 

Highly significant increases in potas- 
sium, magnesium, manganese, and boron 
were detectable 30 hours following appli- 
cation of 3-mdoleacetiG acid. By this 
time, the initial dry weight of treated 


stem sections had increased 43%, as con- 
trasted to 14% for control sections. 
Prior to the very significant increase in 
dry weight demonstrated after 30 hours, 
there was a highly significant increase in 
fresh weight within 12 hours after appli- 
cation. 

In comparison with other elements in 
the treated sections, mobilization and 
accumulation of copper and iron were 
delayed. It is probable that the use of 
more precise analytical methods and 
greater care in guarding against con- 
tamination of the samples by extraneous 
iron would have resulted in the demon- 
stration of a significant increase in iron 
after 48 hours of treatment. On the basis 
of the present data, however, it appears 
that the demands on enzyme systems in- 
volving iron and copper were not so great 
in the early stages of growth as on 
enzyme systems involving magnesium 
and manganese. 

The exponential rate of increase for 
phosphorus in treated sections for the 
first 100 hours is, of course, directly re- 
lated to the exponential increase in dry 
weight. In fact, the rate constants are 
about the same, i.e., 1% per hour. 

Microscopic examination of treated 
stem sections showed that an increasing 
number of cells became meristematic 
during the period of the experiment. In 
spite of this qualitative difference be- 
tween treated and untreated tissue and a 
marked difference in the amount of solid 
material involved per unit length of 
stem, the accumulation of calcium was 
not significantly different in treated and 
untreated stems. That meristematic tis- 
sue has a low calcium requirement is 
shown by the work of Thoday (13), who 
found a scarcity of calcium and an ab- 
sence of calcium oxalate in the apical 
meristem of Kleinia, Scott (10) ob- 
served that the apical meristem of 
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Ricinus communis also was completely 
free of calcium oxalate crystals aad coni- 
mented: “It may be expected that micro- 
chemical analysis will indicate a lower 
and a higher calcium content in apical 
meristem and differential regions, respec- 
tively.” Curran et al. (3) found that the 
calcium content of bacterial spore-form- 
ers was much lower in growing vegetative 
cells than in dormant spores. 

Summary 

1 . Lanolin paste alone or lanolin paste 
containing 2% 3-indoleacetic acid was 
applied to the surface of middle portions 
of the first internodes of young bean 
plants {Phossolus vulgaris) in a ring 
about 2 mm. wide. 

2. Following this treatment, i cm. sec- 
tions including the treated portions were 
removed at intervals of i, 12, 30, 48, 72, 
100, and 148 hours. Twenty to forty sec- 
tions of both control and treated stems 
were taken at each interval to allow sta- 
tistical determination of the significance 
of any differences that appeared. 

3. Each section, after determination of 
fresh and dry weight, was analyzed spec- 
trochemically for content of potassium, 
magnesium, calcium, phosphorus, iron, 
manganese, copper, aluminum, and bo- 
ron. The data were expressed as micro- 
grams per centimeter section. In addi- 
tion, linear growth data were recorded 
and analyzed. 


4. During the 6-day period, water in 
both control and treated stem sections 
increased linearly with time. The dry 
weight increases in untreated sections 
were slight and irregular; however, in the 
treated sections the dry weight increased 
exponentially with time. 

5. Highly significant increases in po- 
tassium, magnesium, manganese, and 
boron in treated sections, as compared 
with the untreated ones, were first ob- 
served 30 hours after application. Potas- 
sium and magnesium in treated sections 
increased linearly with time, while 
changes in manganese and boron were 
irregular. 

6. Phosphorus in the treated sections 
increased exponentially with time; the 
first significant increase was detected 48 
hours following application. Copper also 
showed the first significant increase after 
48 hours. The difference in iron content 
was certain only after 72 hours of treat- 
ment. Only in samples taken after 72 and 
100 hours of treatment were there sig- 
nificantly greater amounts of aluminum 
in treated sections. 

7. In both control and treated stem 
sections, calcium increased exponentially 
with time ; the differences in amounts be- 
tween treated and control stems were 
statistically insignificant. 

Plant Industry Station 
Beltsville, Maryland 
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CONTRATOXIFICATION* OF PLANT GROWTH-REGULATORS 
IN SOILS AND ON PLANTS 

CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 696 
ROBERT J. WEAVER 


Introduction 

After plant growth-regulators have 
been applied to certain soils, in some in- 
stances they have persisted in them for 
so long a period that the cropping sched- 
ule has been seriously interfered with. 
Crafts ( 2 ) stated that planting of sum- 
mer field crops in California was scarcely 
under way in 1945 before reports came in 
of failures on areas sprayed with 2,4~di- 
chlorophenoxyacetic acid (2,4-D). In 
such cases methods of decreasing toxicity 
of the compounds in the soil, or complete 
elimination of toxicity, would be of im- 
portance. 

It is often difficult to confine spray or 
dust applications of growth-regulators to 
the intended area. Sprays and dusts may 
drift considerable distances. A means of 
protecting the aerial parts of plants from 
the toxic effects of growth-regulators 
therefore would be of value. 

^ ‘‘Contratoxification” as used in this paper refers 
to the application of absorbents, adsorbents, or ion 
exchangers to soils or parts of plants in order to 
accomplish partial or complete elimination of the 
toxic effects of plant growth-regulators on plants. 


Several investigators (3, 12) have dem- 
onstrated that various growth-regulators 
differ in degree of toxicity and in persist- 
ence of their toxicity in soils. Such studies 
are of importance, as the desired length 
of persistence of toxicity is dependent on 
the particular use to which a herbicide 
is put. For example, if soil sterilization 
for a long period is sought, then a 
growth-regulator of long persistence 
should be selected. 

A recent study indicates that, when 
2,4-D is added to soil several weeks be- 
fore planting of a crop, stimulation of 
crop growth may result as well as a high 
degree of weed control (12). Such find- 
ings may result in an increased use of 
2,4-D applied to soil before planting or 
before plants have emerged (pre-emer- 
gence treatments). For this use growth- 
regulators of high toxicity and of rela- 
tively short duration in the soil might be 
of great value. 

The purpose of the experiments de- 
scribed in this paper was to devise means 
of decreasing or eliminating the toxic ef- 
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fects of plant growth-regulators applied 
to the soil or to the aerial parts of plants. 
The toxicity and persistence of toxicity 
of several growth-regulators under green- 
house and field conditions were also 
studied. 

Persistence of growth-regulators in 
soil and their contratoxification 

Persistence in the greenhouse 

Material and METHODS.—The soil 
used was a 3 : i mixture by volume of a 
silt loam with coarse sand. The initial 
moisture content was about 18.2% and 
the pH value about 8.1. The moisture 
equivalent was 10.3% as determined by 
the centrifuge method. 

The following compounds obtained 
from commercial sources were used for 
experimentation: 2,4-D, butyl ester of 
2,4-J3 (be 2,4-D), 2,4,5-trichlorophe- 
noxyacetic acid (2,4, 5-T), 0 -isopropyl 
N-phenylcarbamate (IPPC), and copper 
2 4-dichlorophenoxyacetate [Cu ( 2 ,4-0)2]. 
The latter substance may have been a 
complex of several compounds but is 
hereafter arbitrarily referred to as 
Cu(2, 4-0)2. 

Each of the five compounds in 6-gm. 
or 0.6-gni. quantities was separately dis- 
solved in 100 ml. of ethyl alcohol. The 
solutions were then thoroughly stirred 
into I -kg. lots of white quartz sand. On 
June 6, 1946, after the alcohol had 
evaporated, each batch of sand was thor- 
oughly mixed with separate lots of soil 
of about 26.3 kg. each. Thus the growth- 
regulators were present in the soil at con- 
centrations of 22 or 220 p.p.m., based on 
the dry weight of the soil. Quartz sand 
containing no growth-regulator was 
mixed with one lot of soil for a control. 

About two- thirds of each lot was im- 
mediately stored in wooden boxes in a 
room, adjacent to the greenhouse, in 


which no great temperature fluctuations 
occurred. Water was added occasionally 
to keep the soil in a moist condition. Dur- 
ing the months of February, March, and 
April, 1947, however, it was air-dry. 

The remaining one-third of each lot 
of soil was divided into ten aliquots. Each 
aliquot was placed in a s-inch, white 
glazed pot of one-half gallon capacity, 
w^hich had been pro\ 4 ded with a glass- 
wool stopper over the drainage hole and 
one-fourth filled with coarse sand. Thus 
there were two concentrations of each 
of the five compounds and a control, each 
replicated ten times. The filled pots were 
placed on a greenhouse bench, and on 
June 6 five seeds of Red Kidney bean, 
ten of white mustard, and twelve of bar- 
ley were planted in each crock. 

On June 27 and November 16, 1946, 
and on May 7, 1947, aliquots of soil were 
removed from the wooden boxes and 
were similarly planted, except that there 
were only five replicates at the last plant- 
ing. Plants of the May 7 planting were al- 
low^ed to grow until September 2, 1947. 
At this time the old plants, which had 
produced fruit and then dried out, were 
pulled free from the soil, and the pots 
were replanted. This planting on Sep- 
tember 2 was the fifth and final planting. 

Rate and percentage of emergence of 
seedlings were used as primary criteria 
for judging the toxicity of the compounds 
in the soil, although further growth was 
also considered. The data were calculated 
in percentages, on the basis that controls 
equaled 100% (fig. i). Emergence counts 
were made from 8 to 17 days after plant- 
ing, depending on the weather conditions 
controlling the rate of growth. The pots 
were watered frequently to promote 
growth but not heavily enough to result 
in leaching. 

Observations.— After the first plant- 
ing, barley emerged in all pots except 



Mustord 


June 27, !946 


1947 . 


Fig. I .—Percentages of emergence of test plants on indicated dates from treated and untreated soil stored 
since June 6, 1946. Germination of controls considered as 106%. Soil treatments: A, 2,4-D; B, BE 2,4-D; 
C, 2,4, 5-T; D, Cu(2,4-D)a; arid B, IFPC. Left bar of each pair represents emergence from soil containing 
one compound at concentration of 22 p.p.m. and right bar at 220 p.p.m. Replanting of pots of fourth planting 
comprised final planting. 
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those containing IPPC. This situation others, a condition not borne out by later 
was reversed in the case of Red Kidney experiments in the field. The soil con- 
bean and mustard (fig. i). This difference taining 00(2,4-0), was second highest 
in response of grasses and nongrasses to in degree of toxicity (fig. i). Germination 
IPPC has been reported by several in- and subsequent growth of beans from 
vestigators (i, 12, 13). the planting of November 16, 1946, were 

Eleven days after the first planting, extremely slow and uneven, probably 
barley plants in all pots containing the because of low light intensities then prev- 
iew concentration of 2,4-D, 00(2,4-0)2, alent in Chicago. It was evident, how- 
BE 2,4*0, or 2,4,5-T were only about ever, that 2,4,5-T was by far the most 
one-half as tall as controls which were persistent of the five compounds studied. 
3 inches in height the leaf tips were Ouring the period from November 16, 
browning, and root systems were small. 194^, to May 7, 1947, there was further 
The tops of barley plants in soil contain- decrease of toxicity in some of the soil 
ing the high concentrations of the same lots. In the planting of May 7 Red Kid- 
compounds were merely white coleop- ney beans which emeiged from soil con- 
tiles J inch high. Ten days later all barley taining 2,4,5-T failed to produce normal 
plants were dead and dried. Germination root systems. 

of mustard seeds in soil containing the Between May 7 and September 2, 
low concentration of IPPC was much re- 1947, toxic effects had disappeared in all 
tarded compared with that of controls, lots' except that treated with the high 
Soil originally containing 22 p.p.m. of concentration of 2,4,5-T. In the latter 
IPPC was the only treated lot in which soil barley coleoptiles | inch in height 
normal kidney-bean plants developed at showed above the surface 7 days after 
the first planting. Three weeks after planting on September 2. Barley in other 
planting, several small bean plants pots was then about 4 inches high, 
emerged from soil which originally con- 
tained 220 p.p.m. of IPPC. Their cotyle- Persistence IN THE FIELD 

dons came just above the soil surface. Material and methods.— A lowland 
and the small primary leaves had less sur- muck soil near Williams Bay, Wisconsin, 
face area than the cotyledons. The first was used. The surface few inches dried 
internodes were only 3 or 4 mm. long. out rapidly after rains, although moist 
Only the soil treated with IPPC soil was always present at a depth of 2 
showed a marked decrease in toxicity or 3 inches. The moisture equivalent was 
after 12 days of storage. All species in the 30.8% as determined by the centrifuge 
second planting grew normally in soil method, and the pH value about 8.0. Be- 
originally containing 22 p.p.m. of IPPC. fore treatment the soil was plowed, 
Following the third planting seeds dragged, and raked in order to prepare a 
germinated slowly, and counts were not seed bed containing no large clods, 
made until 17 days after planting. Barley Thirty-one grams of 2,4-D, 35.8 gm. 
grew normally in all soil except that of 2,4,5-T, 35.3 gm. of Cu(2,4-D)2, or 
originally treated with 220 p.p.m. of 38.9 gm. of BE 2,4-D were dissolved in 

2.4.5- T, in which the seedlings were much ethyl alcohol. The solutions were thor- 
stunted. The growth of mustard plants oughly mixed with i6oo-gm. amounts of 
indicated that the soil lot containing white quartz sand, and then the alcohol 

2.4.5- T was more toxic than any of the was allowed to evaporate. 
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Fifteen plots lo X 5 feet were laid out 
so that a randomized block design could 
be used. There were 5-foot border rows 
between plots. On June 21, 1947, 200 gm. 
of each of the sand-growth-regulator 
mixtures were scattered uniformly over 
separate plots. Each treatment was 
replicated three times, and three plots 
were left untreated as controls. The soil 
was lightly raked so that the sand was 
mixed with the upper | inch. Thus plots 
were treated at a rate of 7.4 Ib./acre of 
2,4-D, 8.4 lb, of Cu(2, 4-13)2, 8.5 lb. of 
2,4, 5-T, or 9.3 lb. of BE 2,4-D so that 
relatively equivalent amounts of the 
toxic principle of 2,4-D were applied. 

Immediately after treatment one- 
fourth of each plot was planted with for- 
ty seeds of soybean and sixty-eight grains 
of Sudan grass, sowed in two 4-foot rows, 
7 inches apart, of each type of seed. On 
July 3, 1947, a second planting was made, 
including one row of Red Kidney bean 
(twenty-five seeds) and one row of white 
mustard (fifty seeds) in addition to soy- 
bean and Sudan grass. Similar plantings 
were made on July 17, July 28, and Au- 
gust 5. All plantings were in the same 
one-half portion of each plot, which was 
possible, since later plantings were made 
after crops from early plantings had been 
harvested. Weeds were allowed to de- 
velop on the other half of each plot in 
order to observe the effectiveness of weed 
control. 

Twelve to 22 days after planting, de- 
pending on the weather conditions con- 
, trolling the rate of growth, emergence 
counts were made. Fresh weights of tops 
were obtained from 18 to 26 days after 
planting. At the time of harvest kidney 
. beans and soybeans in control plots had 
usually expanded two trifoliate leaves, 
mustard plants were about 4 inches tall, 
liiand the average foliage height of Sudan 
grass was about 4 inches. The data were 


calculated on a percentage basis and 
graphed (fig. 2). 

On July 28, 37 days after the soil was 
treated, weeds in the unplanted portions 
of the plots were harvested, and the fresh 
weight of tops in an area 50 X 40 inches 
was obtained. 

Weather. — Precipitation and tem- 
perature records were obtained from the 
Yerkes Observatory, Williams Bay, Wis- 
consin, which is about 2 miles south of 
the experimental area. Inches of precipi- 
tation in 1947 and mean monthly rainfall 
for a period of 29 years (shown in paren- 
theses) were as follows: June, 4.67 (3.66); 
July, 3-33 (3-37); August, 1.40 (3.78^ 
and September, 4.47 (3.83). Rainfall was 
normal during the latter part of June and 
during July, but there was a deficit of 
2.38 inches below normal for August. 
From July 28 to August 29 only 0.65 inch 
of rain fell. During this period germina- 
tion of seeds occurred very slowly. 

The season was characterized by al- 
most normal temperatures except during 
August, which had the highest mean 
temperature for this month in 29 years. 
Monthly temperatures (in '^F.) were as 
follows, with the 29-year mean shown in 
parentheses: June, 64.2 (67.6) ; July, 70.3 
(72.9); August, 78.1 (70.9); and Sep- 
tember, 66.6 (63.5). The extremely high 
temperatures of August coincided with 
the drought during this period. 

Persistence of compounds. — Sudan 
grass from the first planting in untreated 
plots had an average foliage height of 
about 10 inches at harvest time. In plots 
treated with 2, 4, 5-T it was about one- 
half as tall, and in the other treated plots 
the tops usually were merely reddish 
coleoptiles J-f inch long. Control soy- 
beans were in the first or second trifoliate 
leaf stage and about 4I inches high at 
harvest time. A few soybeans in plots 
treated with 2,4, 5-T grew normally, al- 
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though most failed' to emerge. Stunted 
soybeans in plots treated with 2,4-D and 
Cu(2, 4-0)2 were about 2 inches tall and 
had crinkled leaves with abnormal vena- 
tion. The number of emerging plants and 
fresh weight of tops were calculated as 
percentages of the control values con- 
sidered as 100% (fig. 2). 


toxic compound to kidney beans. Plants 
in plots treated with 2,4-D, Cu(2,4-D)2, 
and BE 2,4-D were about one-half as tall 
as controls — ^which were 8 inches in 
height — and showed abnormal leaf de- 
velopment induced by the growlh-regu- 
lators. 

The development of plants from the 






LLl 




194S] 


100- 

% - I 


Sudan Grass 

nrr 


Development of Sudan grass and soy- third planting indicated that the toxicity 
beans from the second planting was sim- of the growth-regulators had decreased 
ilar to that from the first. In fact, the between July 3 and July 17. The growth 
soil toxicity seemed greater at the second of soybeans showed soil treated with 
planting as judged by fresh weight of 2,4,s-T to be the least toxic, that with 
tops produced (fig. 2). Soil treated with BE 2,4-D the most so. The fresh weight 
2,4,5-T was the least toxic; that treated of tops of Sudan grass and the emergence 
with BE 2,4-D the most so. Red Kidney and fresh weight of tops of mustard were 
beans emerged in all plots, being much confirmatory (fig. 2). Red Kidney beans 
more tolerant of the growth-regulators developed well in all plots except those 
than soybeans. 2,4,5-T was the least which had received applications of BE 


Fig. 2.— Percentages of emergence (left bar of each pair) and of fresh weights of tops (right bar) of plants 
growing in field soil previously treated with (A) 2,4-!), (B) BE 2,4-D, (C) 2,4, 5~T, or (D) Cu(2,4-D)2. Per- 
centages calculated on basis that controls equaled icx?%. 
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2j 4“D. Deformation of the leaves was 
much less at this planting than in the 
earlier ones. 

The loss of toxicity from soil between 
July 17 and July 28 was small. Emer- 
gence and fresh weight of tops of soybean 
and Sudan grass were about the same in 
the fourth as in the third planting, ex- 
cept that plants in plots treated with 
2,4, 5-T made more growth from the 
fourth planting. There was little growth 
of mustard in treated plots except in 
those to which 2,4, 5-T had been applied. 

TABLE 1 

Fresh weight (gm.) of tops of weeds 37 days 

AFTER soil HAD RECEIVED SURFACE APPLI- 
CATIONS OF GROWTH-REGULATORS. AVERAGE 
OF THREE REPLICATE PLOTS 


Treatment 

B road- 
1 leaved 
i plants 

Yellow 

bristle 

grass 

Total 

None, 

545-8 

564.6 

11.10.4 

2,4-D.. 

200.7 

T05.I 

305.8 

Cu(2, 4-0)3 

I6I.I 

27.6 

188.7 

2 , 4 ,S-T. ■■■■•• 

439.1 

365-1 

804 , 2 

BE 2,4-D ..... 

98.0 

21 . I 

II9. I 


Drought and high temperatures during 
this period probably were associated with 
the small decrease in toxicity in the soil 
and with the poor plant growth. Kidney 
beans grew well. The primary leaves of 
soybeans and kidney beans in plots 
treated with 2,4-D, 00(2,4-0)2, or BE 
2,4-D were abnormally veined and crin- 
kled, but otherwise the plants appeared 
normal. 

Data from the fifth planting in many 
cases showed larger values for emergence 
counts and fresh weight of tops than 
those of the fourth planting. Soybeans 
and kidney beans grew normally (except 
for crinkled primary leaves) in all treat- 
ed plots except those treated with BE 
2,4-D from which a lower percentage of 
emergence and fresh weight of tops were 
usually obtained. Growth of mustard 


was much inhibited in all treated plots, 
although 2,4, 5-T was the least toxic. 
Growth of Sudan grass was uneven, but 
there was indicated a decrease in toxicity 
in the soil treated with Cu(2, 4-0)2 as 
compared with that of the fourth 
planting. 

Weed control. — On July 28, when 
weeds were harvested, control plots had 
a dense stand of weeds about 13 inches 
high. The principal species were: com- 
mon purslane {Portulaca oleracea L.), 
yellow bristle grass (Seiaria lutescem 
[Weigel] F. T. Hubb.), lamb’s-quarter 
(Chenopodium album L.), galinsoga (Ga- 
linsoga parviflora Cav.), pigweed (Arnar- 
anthus reiroflexus L.), and common chic- 
ory (CichoriumintybusL.). Yellow bris- 
tle grass, common purslane, and galin- 
soga were flowering. The application of 
2,4,5-T resulted in only a small decrease 
in growth of weeds (table i). The treat- 
ment with BE 2,4-D gave excellent con- 
trol. Nevertheless, a few stunted plants 
of yellow bristle grass and galinsoga 
flowered. The density of weeds in plots 
treated with 2,4-D or Cu(2,4-D)2 was 
only about one-fourth that of control 
plots, so that fair control was obtained. 
There were many plants of yellow bristle 
grass 2~4 inches high which had devel- 
oped no normal root systems in the plots 
treated with 2,4-D or Cu (2,4-D)2. These 
plants apparently absorbed water 
through the stubby roots at the crown 
which in many cases had formed tumors. 

CONTRATOXIFICATION OF 2,4-D IN SOIL 

Two types of experiments were per- 
formed in an attempt to eliminate or to 
decrease the toxicity of 2,4-D in soils. 
In the field, toxic soil was spaded 
(plowed), and in the field and greenhouse 
a cation exchanger, Zeo-Karb H, or an 
adsorbent, Norit A (activated charcoal), 
was mixed with it. The Zeo-Karb H was 
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obtained in granular form from the Per- 
mutit Company and the Norit A as a 
dust from the Pfanstiehl Chemical Com- 
pany, Waukegan, Illinois. The high ad- 
sorptive capacities of Zeo-Karb H and 
Norit A for 2,4-D from aqueous solutions 
have been previously reported (7, 14). 

Spading.— O n July 4 about 1700 gm. 
of sand~2,4-D mixtures were uniformly 
applied to each of four 18 X 18-foot plots 
adjacent to the field persistence experi- 
ment, at rates equivalent to o, 10, 25, or 
50 lb. of 2,4-D per acre. The sand was 
lightly raked into the upper | inch. On 
July 10 a 6 X 3-foot portion of each area 
was spaded to a depth of about 6 inches. 
The soil was thus inverted as in plowing. 
The surface was then raked to make a 
seed bed. At the same time another 6X3 
portion in each plot was left without 
spading but was raked lightly to produce 
a seed bed. Between the time of treat- 
ment with 2,4-D and spading or raking, 
1.05 inches of rain fell. In each plot fifty 
seeds of soybean and of Red Kidney bean 
were uniformly planted at a depth of 
about i| inches. On July 29 emergence 
counts were made, and on August 14, 35 
days after planting, fresh weights of tops 
were obtained (table 2). 

Spading (plowing) tended to decrease 
the toxicity of 2,4-D. At harvest time 
kidney beans in control plots had formed 
flower buds, and soybeans were flower- 
ing, Those in the spaded portion of the 
plot treated at the rate of 25 lb. of 2,4-D 
per acre appeared normal except for ab- 
normal venation of their primary leaves. 
Those in the spaded plot treated with 
50 lb ./acre were severely stunted. These 
data conclusively show that the equiva- 
lent of spading (plowing) alone did in all 
cases at least lessen the toxic effects of 
2,4-D. In unspaded soil the growth-regu- 
lator remained in the upper few inches, 
as is subsequently pointed out, and hence 


spading probably decreased the concen- 
tration of the compound by placing some 
soil containing no growth-regulator at 
the surface. 

The penetration of ammonium 2,4-di- 
chlorophenoxyacetate [NH4( 2,4-D)] ap- 
plied at a rate of 10 lb. /acre and of 2,4-D 
applied at three rates was determined. 
Six and 29 days after application a hole 
about feet in diameter and 2 feet deep 

TABLE 2 

Number of plants which emerged from 

SPADED AND UNSPADED SOIL PREVIOUSLY 

TREATED WITH 2,4-D. FRESH WEIGHT (GM.) 

OF TOPS DETERMINED 35 DAYS AFTER PLANT- 
ING 


Treatment 

Kidney bean 

Soybean 

(lb. /acre of 
2,4-D) 

No. 

emerged 

Weight 
of tops 

No. 

emerged 

Weight 
of tops 

Unspaded . . . 

29 

564.2 

27 

97-8 

° (Spaded. ..... 

28 

611.5 

33 

196.5 

Unspaded. . . 

23 

165-4 

18 

II . I 

^°lSpaded 

35 

484.7 

16 

46.6 

Unspaded. . . 

I 

0 

0 

0 

^S\Spaded 

23 

183.6 

7 

0 

^ /Unspaded. . . 

0 

0 

0 

0 

^°lSpaded. 

II 

12.2 

9 

1-3 


was dug in each treated area. Samples of 
soil were taken from the sides of the holes 
at depths of 0-3, 3-6, 6-9, 9-12, 1 2-1 8, and 
18-24 inches. Each sample was mixed 
with one-third by volume of coarse sand 
and placed in two 2-inch, unglazed clay 
pots. About twenty-five seeds of white 
mustard were planted in each pot. 

Character of germination of the seeds 
was the criterion of relative toxicity in 
the soil. The results showed that, with 
one exception, growth-regulators present 
in quantities toxic to mustard seedlings 
were confined to the upper 3 inches of 
soil. 2,4-D was also present in the 3-6- 
inch layer of soil in the plot treated at a 


284 


BOTANICAL GAZETTE 


[march 


rate of 50 lb./ acre. The relatively soluble 
ammonium salt failed to penetrate more 
deeply than the comparatively insoluble 
acid, which is in agreement with a previ- 
ous study concerning degree and rate of 
leaching of several growth-regulating 
compounds (14). 

Field application of Zeo-Karb H. 
— On July 4 a white quartz sand--254-D 


control plot, and in a plot previously 
treated only with 2,4-D. 

Emergence counts and fresh weightmf 
tops of plants showed that Zeo-Karb H 
had eliminated toxic effects to plant 
growth. At the time of harvest, 33 days 
after planting, all plants were flowering 
except those in soil to which only 2,4-D 
had been added and from which seedlings 


TABLE 3 


Emergence counts and fresh weight (gm.) of tops of kidney bean and white mustard 
FROM soil previously TREATED WITH 2,4-D. ZEO-KARB H OR NORIT A MIXED WITH SOIL 
I DAY BEFORE PLANTING. AVERAGES OF THREE REPLICATES 



Amount or contra- 

toxicant USED 

No 2,4-D ADDED 


2,4-D 

,^DI)ED 


Treatment 



Bean 

Mustard 

Bean 

Mustard 


P.p.m. 

Lb. /Acre* 

No. 

Wt. 

No. 

Wt. 

No. 

Wt. 

No,. 

Wt, 




emerged 

of tops 

emerged 

of tops 

emerged 

of tops 

emerged 

of tops 

Control 

0 

0 

4-3 

8.2 

II . 3 

0.43 

0 

0 

0 

0 



■81, 2^ 

49,520 

4.7 

12. I 

8.7 

0-43 

4-3 

8.4 

9.0 

0-35 

Norit A. . . . 


16,383 

9,904 

4.7 

13-9 

8.7 

0.51 

4.7 

II .0 

II .0 

0.57 

‘ 

8,192 

819 

4,952 

4-7 

10.8 

10.3 

0.70 

3-7 

9.3 

II. 3 

0.52 



495 

4-7 

II .0 

9-3 

0.44 

4-7 

10.9 

4.3 

0. II 



2IS 

132 

5-0 

8.7 

II .0 

0.58 

3*7 

6.5 

0.3 

0 



'81,252 

49,520 

4.0 

6.8 

8.7 

0-39 : 

4.3 

7.1 

0 

O.OI 

Zeo-Karb H . 


16,383 

9,904 

50 

8.9 

8.0 

0.30 

1-3 ^ 

2.6 

0 

0 



8,192 

4,952 

4-3 

7*9 

10. 0 

0-39 

0.7 

0 

0 

0 



819 

495 

4.3 

7-7 

13.00 

0.58 

0 

0 

0 

0 


*** Approximate values calculated on basis that compounds were applied as surface application. 


mixture was applied to a 5 X i5~foot 
plot on lowland soil at a rate equivalent 
to 10 lb. of 24-D per acre. Six days later 
3500 gm. of Zeo-Karb H were uniformly 
applied to a 3 X 4-~foot plot of the treat- 
ed soil, and a similar quantity to an un- 
treated plot. The ion exchanger was thor- 
oughly mixed into the soil by raking to a 
depth of about 4 inches. On July 10 and 
II the areas were heavily watered. On 
July 12 twenty-five seeds of Red Kidney 
bean, twenty-five of soybean, and fifty 
of white mustard were uniformly planted 
in each of these plots, in an untreated 


had failed to emerge. There were no 
weeds growing in the latter area, but, 
where Zeo-Karb H had eliminated the 
toxicity of 2,4-D, plants of common 
purslane covered most of the soil surface. 

The data of this experiment clearly 
show that Zeo-Karb H will eliminate the 
toxic effects of 2,4-D in one field soil. The 
rates used, however, were far too great 
to be economically practicable. 

Greenhouse experiment wuth Zeo- 
Karb H AND Norit a. — T he purpose 
was to determine the effectiveness of 
small amounts of Zeo-Karb H and Norit 
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A in eliminating the toxic effects of 

2,4-D in soil xA silt loam soil was mixed 
with coarse sand in the proportion of 3 : i. 
The reaction of the mixture was about 
pH 8,0. xAo.39-gm. quantity of 2,4-D was 
dissolved in ethyl alcohol and the solu- 
tion mixed with 1080 gm. of white quartz 
sand. After the alcohol was allowed to 
evaporate, the sand-2, 4-D mixture was 
thoroughly incorporated with 15.4 kg. of 
the soil. The resulting mixture contained 


after watering, five seeds of Red Kidney 
bean and fifteen of white mustard were 
planted in each pot. They were watered 
as necessary to provide conditions for 
growth. 

On September 14, 9 days after plant- 
ing, emergence counts were made, and 
fresh weight of tops obtained (table 3, 
fig. 3), Plants in all pots containing no 

2,4-D grew normally. Nor it A was very 
effective in eliminating the toxic effects 


Fig. 3. — Growth of kidney beans and white mustard in soil treated with 24 p.p.m. of 2,4-D. Control soil 
at left; other pots {left to right) contained 8,192, 819, 218, or o p.p.m. of Norit A mixed with soil r day 
before planting. Lowest concentration of Norit A decreased toxicity of soil. Photo taken 8 days after planting. 


2,4-D at a rate of about 24 p.p.m. when 
calculated on an air-dry basis. A similar 
lot of control soil was thoroughly mixed 
with 1080 gm. of sand. Each of the two 
lots of soil was then divided into ten 
equal aliquots. To aliquots from each lot 
were added 135, 27, 13.5, or 1.35 gm. of 
Zeo-Karb H or Norit A. To another ali- 
quot from each lot was added 0.36 gm. 
of Norit A. The tenth aliquot received no 
Zeo-Karb H or Norit K. After thorough 
mixing, each aliquot was placed in three 
replicate 4-inch unglazed clay pots on a 
greenhouse bench. They were then wa- 
tered to make it possible for the 2,4-D to 
diffuse in the soil; whether it did so is 
problematical. On September 5, 21 hours 


of 2,4-D in the soil. Kidney beans ger- 
minated in soil previously treated with 

2,4-D to which 218 p.p.m. of Norit A had 
also been added, although their emer- 
gence was delayed for several days. Some 
mustard seeds germinated in soil treated 
with 2,4-D to which as little as 819 p.p.m. 
of Norit xA had been added, and the seed- 
lings grew normally in soil to which larger 
quantities of the latter had been applied. 
There is no doubt that the elimination of 
toxicity was brought about by Norit A, 
since seeds were planted within i day 
after application of 2,4-D. Several days 
are usually required for other types of in- 
activation of 2,4-D in soil. 

Zeo-Karb H was much less effective 
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than Norit A in rendering 2,4-D non- 
toxic. All plants growing in soil contain- 
ing 2,4-D and Zeo-Karb H were stunted 
and showed crinkling of leaves and ab- 
normal venation, indicating some absorp- 
tion of 2,4-D into the plants. Even the 
high concentration of 81,252 p.p.m. of 
Zeo-Karb H failed to eliminate complete- 
ly the toxic effects, as primary^ leaves of 
kidney beans in these pots were abnor- 
mally veined. It is probable that the ef- 
fectiveness of Zeo-Karb H would be 
greatly increased if it were ground to a 
fine dust before use. 

Contratoxification on aerial 
parts of plants 

Material and methods 

The soil used consisted of one part 
fine gravel, one part decomposed leaf 
mold, and two parts by volume of a 
heavy loam soil, placed in 4|-inch un- 
glazed clay pots. They were planted with 
Red Kidney bean, soybean, white mus- 
tard, or marigold. After emergence the 
plants were thinned so that there were 
two of kidney bean, three of soybean, 
and about fifteen of white mustard or 
marigold per pot. In two experiments 
kidney beans were grown in flats. 

The following growth-regulators were 
obtained from commercial sources: 

Ammonium 2,4-dichlorophenoxyacetate 
[NH4(2,4-B)] 

Butyl ester of 2,4-D (BE 2,4-D) 

Sodium 2,4-dichlorophenoxyacetate 
[Na(2,4-D)] 

Triethanolamine salt of 2,4-D (TEA 2,4-D) 
Weed-No-More agricultural dust (BE 2,4-D 
dust) 

Isopropyl ester of 2,4-D (IE 2,4-D) 

The BE 2,4-D dust contained 5% BE 
2,4-D, 20% oil, and inert material and 
was applied using a cheesecloth bag. 
Aqueous solutions of 0.1% were made of 
the other compounds and were sprayed 


on the plants with a DeVilbiss spray gun 
at a pressure of 15 lb. The plants were 
sprayed heavily but not to the extent 
that liquid dripped from the leaves. 

Norit A (activated charcoal) or Zeo- 
Karb H was usually used to eliminate or 
lessen the toxicity of the growth-regu- 
lators, although the effectiveness of bone 
black, lamp black, and several types of 
clay was also tested. Before use the Zeo- 
Karb H was ground in a micropulverizer 
and passed through a slotted screen with 
slit-width of 0.013 inch. Norit A, Zeo-Karb 
H, and certain other substances are here- 
after referred to as “contratoxicants.” 
They were applied as water suspensions 
using a DeVilbiss spray gun or as dusts 
using a hand duster or cheesecloth bags. 

All treatments were replicated three or 
four times unless otherwise indicated. 

Application oe contr atoxic ants be- 
fore TREATMENT WITH GROWTH- 
REGULATORS 

Norit A. — In one experiment Red 
Kidney bean, soybean, and marigold 
were used. At the time of treatment on 
November 18, 1947, kidney beans were 
7 inches in height and had expanded 
their first trifoliate leaves; soybeans were 
about 6| inches tall, with their first 
trifoliate leaves just beginning to expand ; 
and marigolds were 2 inches high, with 
two true leaves. A thin film of Norit A 
was applied to some of the plants with 
a hand duster immediately after a spray 
of water had been applied. The film of 
water aided in sticking the dust to the 
leaves. 

At 11:00 A.M. some dusted and un- 
dusted kidney beans were sprayed with 
0.1% solutions of NH4(2,4-D), BE 2,4-D, 
or IE 2,4-D. Kidney beans with and 
without previous applications of contra- 
toxicant were also dusted with BE 2,4-D 
dust. One lot of plants received applica- 
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tions of contratoxicant only, and another The contratoxicaiit also protected soy^ 
was untreated and served as controls, beans against growth-regulators (table 4, 
Soybeans were similarly treated with fig. 5). At the time of harvest control 
BE 2,4-D or NH4(2,4-D), and marigolds plants and those treated only with Norit 
with BE 2,4-D or TEA 2,4-D. Each A were 9 inches tall, whereas plants 
treatment was replicated three times, which received growth-regulator only 
The day was partly cloudy. were dying or already dead and dried. 

All kidney beans treated only with Norit A gave much protection to mari- 
growth-regulators exhibited much shoot golds sprayed with growth-regulators 
curvature and crinkling of primary leaves (table 4). At the time of harvest control 
27 hours after treatment. These symp- plants were 4I inches tali, and those 
toms were very slight, however, in plants treated with contratoxicant only were 
protected with contratoxicant. Twenty 4 inches. 


TABLE 4 

Fresh weight (gm.) of tops of kidney bean, soybean, and marigold 22 days 
AFTER treatment. AVERAGES OF THREE REPLICATES 


Kidney be.yn 


GontroL . .. — 8.15 

IE 2,4-D . 5.90 

BE2,4-D 7.10 

NH4(2,4-D)........ 6.97 

BE 2,4-D dust 8.30 

TEA 2 , 4 -D 


Without 
Norit A 


days after treatment, control kidney 
beans were 9 inches high and flowering. 
Plants which received only contratoxi- 
cant were slightly smaller than controls, 
and their leaves showed a small amount 
of injury. Kidney beans treated only 
with growth-regulators were dead, ex- 
cept those sprayed with NH4( 2,4-D) 
which were yellowing and dying. Norit A 
gave much protection against all applica- 
tions of the growth-regulators. Some 
plants treated with both contratoxicant 
and growth-regulator were somewhat 
stunted and showed some stem swelling, 
abnormal leaf venation, etc., but, in gen- 
eral, most of them had grown almost nor- 
mally (table 4, fig. 4). 


t Yellowing and dying. 

In a second experiment Red Kidney 
bean, soybean, mustard, and marigold 
were used. Kidney beans were 7 inches 
tall but had not expanded their first tri- 
foliate leaf. Soybeans were 8 inches, and 
mustard and marigold i| inches in 
height. The two latter species had two 
true leaves each. Some plants of each 
kind were sprayed at ii : 00 a.m., Novem- 
ber 12, with a 20% aqueous suspension of 
Norit A. About 15 minutes later kidney 
beans with, and some without, Norit A 
were sprayed with 0.1% solutions of 
Na(2,4-D), NH4(2,4-D), BE 2,4-D, or 
TEA 2,4-D, or were dusted with BE 
2,4-D dust. Some plants were treated 
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with contratoxicant only, and others 
were defoliated. 

A similar experiment with soybeans 
and mustard was set up using BE 2,4~D 
or NH4(2,4-D), and one with marigold 
using NH4(2,4-D). 

Twenty hours after treatment the 
primary leaves of young kidney beans 
treated with Norit A, with or without 
subsequent application of growth-regu- 
lator, were wilted, and 24 days later por- 
tions of these leaves were dried. A new 
trifoliate leaf had, however, developed. 


These results show^ that Norit A is some- 
what toxic to very young Red Kidney 
beans. 

On December 7 control kidney beans 
were 10 inches tall and flowering. Beans 
treated with growth-regulators only had 
enlarged stems, tumors at the terminal 
growing points, etc., but those protected 
by Norit A before being sprayed with 
growth-regulators showed none of the 
typical responses to the latter com- 
pounds. Less protection was obtained 
against BE 2,4-D dust than against the 



. 4 — -K.iclney beans 20 days after treatment with Norit A and/or growth-regulators. A, left to right: 
(i) control, (A Norit A, (3) Norit A— then IE 2,4-D, (4) IE 2,4-D, (5) Norit A— then BE 2,4-D, and { 6 ) 
BE 2,4-D. left to right: (z) control, (2) Norit A, (j) Norit A— then BE 2,4-D dust, (4) BE 2,4-D dust, ^ 
Norit A then NH4(2,4-D), and (d) NH4(2,4-D). Norit A protected plants against all growth-regulators 
used. 
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sprays. The defoliated plants were dead 
at harvest time. Their failure to recover 
was indicative of the lack of vigor during 
the season of low light intensity. 

In this experiment Norit A afforded 
only slight protection to soybeans against 
growth-regulators. The suspension tend- 
ed to coalesce in large droplets on their 
hairy leaves so that the contratoxicant 
was unevenly distributed. Dusting is 
probably one of the effective methods of 


obtaining uniform coverage on hirsute 
leaves or on those not easily wetted. 

On December lo control plants of 
marigold were 4 inches tall and had four 
true leaves each; those treated only with 
Norit A were 3 inches tall. The contra- 
toxicant provided much protection to 
marigolds against NH4(2,4-D) and gave 
partial protection to white mustard 
against the growth-regulators (table 5, 
fig. 6). 


Figs. 5, 6. — Fig. 5 {above), soybeans 20 days after treatment with Norit A and/or growth-regulators. 
Left to right: (i) control, (2) Norit A, (5) Norit A— -then NH4(2,4-D), {4) NH4(2,4-r)), (5) Norit A — then 
BE 2,4-D, and {6) BE 2,4~D. Contratoxicant eliminated toxic effects of growth-regulators. Fig. 6 {below), 
marigolds 28 days after treatment with Norit A and/or NH4( 2,4-D). Left to right: {i) control, (2) Norit A, 
(j) NH4(2,4-D), 

NH4(2 
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Zeo-Karb H. — Red Kidney beans 
with their first trifoliate leaf expanded 
and soybeans just beginning to expand a 
similar leaf were used. Some plants were 
sprayed with a 20% aqueous suspension 
of Zeo-Karb H so that the leaves ap- 

TABLE 5 

Fresh weight (gm.) of tops of marigold and 

WHITE MUSTARD 28 DAYS AFTER TREAT- 

MENT. Averages of four replicates 


Treatment 

Marigold 

Mustard 

Witli 
Norit A 

Without 
Norit A 

With 
Norit A 

Without 
Norit A 

Control . . . . 

1.83 

3.28 

1.64 

3-73 

NH4(2,4-D). 

2.68 

0-33 

0,63 

0.15 

BE 2,4-D . . . 



1. 59 

00 


peared well blackened. Ten minutes later 
untreated kidney beans and some treated 
with contratoxicant were given applica- 
tions of Na(2,4-D), BE 2,4-D, TEA 
24-D, IE 24-D, or BE 2,4-D dust. With 
soybeans, BE 2,4-D only was used. 

After 20 hours kidney beans treated 
only with growth-regulators exhibited 
much epinasty, shoot curvature, and 
crumpling of leaves, but those previous- 
ly treated with Zeo-Karb H showed 
only slight indications of injury. On 
December 8 control kidney beans were 
9 inches tall and flowering; plants treated 
only with contratoxicant were slightly 
smaller, and those sprayed only with 
growth-regulators were usually dead. 
Zeo-Karb H gave almost complete pro- 
tection against four of the growth-regula- 
tors; only partial protection was obtained 
against BE 2,4-D dust (table 6, fig. 7). 

The contratoxicant gave little protec- 
tion to soybeans against BE 2,4-D, 
probably because the former was applied 
in aqueous suspension instead of as dust. 

Another experiment, was performed 
to determine the effectiveness of a dust 


application of Zeo-Karb H in protecting 
soybeans against BE 2,4-D sprays. Some 
soybeans on which the first trifoliate 
leaves were beginning to expand were 
dusted with contratoxicant at 10:00 a.m. 
on November 24, a cloudy day. Im- 
mediately afterward some dusted and 
undusted plants were sprayed with a 
0.1% solution of BE 2,4-D. Two weeks 
later those which had received BE 2,4-D 
only were dead and dried, but all others 
had grown normally (fig. 8). This experi- 
ment was repeated using kidney beans, 
and similar results were obtained. 

Other compounds. — ^Another experi- 
ment tested the effectiveness as contra- 
toxicants of 20% aqueous suspensions of 
attapulgus clays, super filtrol (a filtering 
material for decolorizing and purifying), 
and bone black, and of a 3.3% suspension 
of lamp black. A 20% suspension of the 
latter proved too thick to spray. A simi- 
lar set of suspensions was prepared con- 
taining, in addition, 0.9% of the base 
mixture of commercial Weed-No-More. 
This base mixture contained no growth- 

TABLE 6 


Fresh weight (gm.) of tops of kidney 

BEANS 18 DAYS AFTER TREATMENT 

Averages of three replicates 


Treatment 

: 

With 

Zeo-Karb H 

Without 
Zeo-Karb H 

Control. 

S.83 

7 •73 

Na 2,4-D ........... 

8.52 

4.4s* 

BE 2,4-D 

6.97 

0-83 

TEA 2,4-D ...... ; . . 

6.72 

0.77 

IE 2,4-D 

6.8s 

0.83 

BE 2,4-D dust 

5.87 

1.40 


* Plants yellowing and dying. 


regulator and was used as a wetting 
agent. Many growth-regulators can be 
formulated with it. 

Red Kidney beans 1 1 inches tall, with 
their first trifoliate leaves beginning to 
expand, were used as test plants. Flats of 
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them were sprayed in triplicate with one 
of each of the suspensions on a cloudy 
day. One flat of each set was sprayed 
about 2 hours later with a o. i% solution 
of NH4(2,4-D), and another with o.i% 
BE 2,4-D. The third was left without 
further treatment. Some plants received 
NH4(254-D) or BE 2,4-D only, without 
previous treatment. Others were un- 
treated and served as controls. 

Thirteen days later control plants were 
12 inches tall and had two or three tri- 


foliate leaves (fig. 9). Plants sprayed 
only with growth-regulators were yellow- 
ing and dying. None of the clays fur- 
nished any protection against the growth- 
regulators (fig. 9). 

Suspensions of bone black and lamp 
black containing no base mixture were 
very toxic to the plants; the primary 
leaves were partly dried out, and growth 
was greatly retarded; some plants died. 
When base mixture was present, the 
toxicity was greatly lessened (fig. 10). 


Fig. 7. — Kidney beans 20 days after treatment with Zeo-Karb H and/or growth-regulators. A, left to 
right: (i) control, (2) Zeo-Karb H, (j) Zeo-Karb H — then TEA 2,4-D, (4) TEA 2,4-D, (5) Zeo-Karb H — 
then IE 2,4-D, and (d) IE 2,4-D. jB, left to right: (i) control, (2) Zeo-Karb H, (j) Zeo-Karb H — then BE 
2,4-D, (4) BE 2,4-D, (5) Zeo-Karb H — then BE 2,4-!) dust, and (d) BE 2,4-D dust. In all cases Zeo-Karb H 
provided almost complete protection. 
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Suspensions of lamp black, without 
base mixture, provided some protection 
against the growth-regulators, and bone 
black, without base mixture, gave con- 
siderable protection even though these 
two substances in themselves caused 
much contact damage. The addition of 
base mixture greatly decreased the effec- 
tiveness of the contratoxicants, although 


base mixture were little injured by 
NH4(2,4-D), but, when base mixture had 
been added, little or no protection was 
afforded (fig. ii). When larger quantities 
of contratoxicants were applied, how- 
ever, almost complete protection against 
the growth-regulator was obtained, even 
though base mixture had been added to 
the contratoxicant. 



Fig. 8.— Soybeans 12 days after treatment with Zeo-Karb H and/or BE 2,4-D. Left to right: (i) control, 
{2) Zeo-Karb H, (3) Zeo-Karb H— then BE 2,4-D, and [4) BE 2,4-D. Contratoxicant provided complete 
pi otection to so\^beans. 


the suspension of bone black with base 
mixture provided much protection 
against NH4(2,4-D) (fig. 9). 

The decrease in effectiveness of con- 
tratoxicants when mixed with base mix- 
ture was brought out in another experi- 
ment in which young kidney beans were 
sprayed with 1% suspensions of Norit A 

5 % Pf Zeo-Karb H. Other plants were 
sprayed with similar suspensions contain- 
ihg 0.9% of base; mixture. Some plants 
of each set were sprayed 15 minutes later 
with 0.1% NH4(2,4-I)). Plants protected 
by the contratoxicants containing no 


Application OF CONTRATOXICANTS 
AFTER SPRAYING WITH 
GROWTH-REGULATORS 
Norit A.— The purpose was to deter- 
mine whether Norit A could prevent 
toxicity symptoms of BE 2,4-D when 
applied to plants previously treated with 
BE 2,4-D. Kidney beans just beginning 
to expand their first trifoliate leaves were 
used. At 1:00 p.M. on November 14, an 
overcast day, plants were sprayed with a 
0.1% solution of BE 2,4-D. Fifteen min- 
utes and I, 6, 12, 24, or 48 hours later 
they were sprayed with a 5% aqueous 



Fig. 9. — Kidney beans 13 days after spraying with bone black or super filtroi and/or 0.1% NH4(2j4-D). 
(i) untreated control, (2) NH4(2,4-D) only, (j) bone black with base mixture only, (4) bone black with base 
mixture— then NH4(2,4-D), (5) super filtroi with base mixture only, and (6) super filtroi with base mixture 
— then NH4(2,4-D). Bone black provided partial protection, but super filtroi furnished none. 
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suspension of Norit A. The upper leaf 
surfaces were in each case wet with the 
suspension even though the stems had 
already bent over -as a result of the 
previous BE 2,4-D application. One set 
of plants sprayed with growth-regulator 
received no contratoxicant, and another 
received only contratoxicant. 

Twenty-four days after treatment con- 
trol plants were flowering, and those 
which had received applications of 
Norit A only showed injury of the pri- 


20% aqueous suspension of Zeo-Karb H 
was used as the contratoxicant. The re- 
sults were similar to those of the experi- 
ment with Norit A. Unless Zeo-Karb H 
was applied within 15 minutes after 
treatment with BE 2,4-D, very little 
protection was afforded (table 7). 

Various rates of contratoxicants 

Norit A. — An experiment was per- 
formed to determine how much Norit A 
is necessary to protect plants from a 


tiG. 10. Kidney beans 13 days after treatment with suspension of lamp black containing base mixture 
(r) or without base mixture ( 2 ). Suspension of lamp black without base mixture is very toxic, but, when 
base mixture was present, little injury was produced. 


mary leaves. The latter plants had, how- 
ever, made much new growth. Plants 
sprayed with Norit A suspension 15 
minutes after treatment with BE 2,4-D 
were alive, although they exhibited stem 
enlargement and tumors. All plants 
sprayed with Norit A suspension more 
than 15 minutes after BE 2,4-D had been 
applied were dead and dried (table 7). 
These results would indicate that the 
contratoxicant should be applied within 
15 minutes after treatment with a 
growth-regulator formulated with oil to 
affect markedly plant responses to the 
regulator. 

Zeo-Ivarb H. — ^This experiment was 
repeated on November 24, except that a 


0.1% aqueous spray of NH4(2,4-D). Red 
Kidney beans beginning to expand their 
first trifoliate leaves were used. At 2:00 
p.M. on November 13, a sunny day, 
plants were heavily sprayed with 20, 5, i, 
o.i, or 0.01% aqueous suspensions of 
Norit A, at rates equivalent to about 
75, 15, 1.5, or 0.15 lb. of Norit A per 
acre. About 10 minutes later some plants 
from each lot were sprayed with 0.1% 
aqueous solution of NH4(2,4-D); others 
were treated with NH4(2,4-D) only; and 
others were untreated. 

Twenty-four hours later plants which 
had been sprayed with a suspension of 
contratoxicant of 5% concentration or 
greater and then with NH4(2,4-D) 



Fig. II. — Kidney beans g days after spraying with aqueous i% suspension of Norit A and/or growth- 
regulator. (i) Control, (2) NH4(2,4-D) only, (3) Norit A, (4) Norit A with 0.9% base mixture, (5) Norit A~ 
then 0.1% NH4(2,4-I)), and (6) Norit A with 0.9% base mixture-then NH4(2,4-D). Base mixture made 
contratoxicant ineffective. - 
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showed little epinasty or shoot curvature 
such as was manifested by plants 
sprayed with a lower concentration of 
Norit A and then with NH4(2,4-D) or 
with NH4( 2,4~D) only. Twenty-five days 
after treatment controls were flowering. 
Plants sprayed only with 20% or 5% 
suspensions of Norit A were injured, but 
a new trifoliate leaf had been produced. 
Little or no stem enlargement and few 
or no tumors w^ere found on plants 

TABLE 7 

Fresh weight (gm.) of tops of kidney beans 

TREATED WITH CONTRATOXICANTS AT VARY- 
ING INTERVALS AFTER SPRAYING WITH BE 
2,4-D; 24 AND 16 DAYS AFTER TREATMENT 

WITH Norit A and Zeo-Karb H, respec- 
tively. Averages of three replicates 


Time of application 
of contratoxicant 
after spraying with 
BE 2,4- D 

Norit A — then- 
BE 2,4-D 

Zeo-Karb H — 
then BE 2,4-D 

15 min 

5-4 

4-7 

I hr 

0.6* 

2.7 ' 

6 hr. 

0.6* 

0.8* 

1 2 hr. 

0.5* 

0.7* 

24 hr. 

0.5* i 

0,8* 

48hr.... 

0.6* 

0 . 7 * : 

No contratoxicant. . 

0.6* 

0 . 7 *. 

No BE 2,4-D 

4.4 

6-3 

Control ........... 

10. 1 

1 

7-4 


* Dead and dried. 


treated with NH4(2,4-D) previously 
sprayed with 20% or 5% suspensions of 
contratoxicant. When lesser amounts of 
contratoxicant were used, however, 
symptoms typically resulting from 
growth-regulators occurred. Thus, an 
amount oif Norit A between 15 and 75 
Ib./acre would be needed to protect Red 
Kidney beans against aqueous sprays 
of NH4(2,4-D) under the conditions of 
this experiment. 

Zeo-Karb H. — Red Kidney beans 7 
inches tall with the first trifoliate leaf 
expanded were used. At 3:00 p.m. on 
November 22, a sunny day, they were 


sprayed with 20, 5, or 1% aqueous sus 
pensions of Zeo-Karb H. Ten minutes 
later some plants from each lot were 
sprayed with a 0.1% solution of BE 

2.4- D. Other plants received BE 2,4-D 
only. 

Sixteen days later controls and plants 
treated only with Zeo-Karb H were 
flowering; plants sprayed only with BE 

2.4- D were dead and dried. The 20% sus- 
pension of contratoxicant gave excellent 
protection against the growth-regulator, 
S% gave much, but the 1% suspension 
gave little or none (table 8). 

TABLE 8 : 

Fresh weight (gm.) of tops of kidney bean 
treated WITH Zeo-Karb H and/or 0.1% 
BE 2,4-L. Growth-regulator applied af- 
ter CONTRATOXICANT. HARVESTED i6 DAYS 
after treatment. Averages of three 

REPLICATES 


Treatment 

No BE 2,4-D 
applied 

BE 2,4-D 
applied 

20 % Zeo-Karb H. . . . 

8-45 i 

7-43 

5% “ 

7-77 .j 

4-33 

, 1 % .. .. . 

9.40 

2 . 97 * 

no ..... 

9-41 ■ 

1 . 20 * 


* Dead. 


This experiment was repeated using 
NH4(2,4-D), and the results were in 
agreement. 

A greater quantity of Zeo-Karb H 
than of Norit A, when used in aqueous 
suspension, was necessary for protection 
of plants against sprays of growth- 
regulators. The particle size of Zeo-Karb 
H was larger, however, than that of Norit 
A, and it is probable that effectiveness 
of contratoxicants is greater in the case 
of smaller particle sizes. 

Discussion 

The data of DeRose (3), who studied 
the relative rates of disappearance of 
several compounds from soil, are in gen- 
eral agreement with the results of the 
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persistence experiment in the greenhouse. 
In the field experiment here reported 
254)S"T the least toxic compound 
used and the toxicity also persisted a 
shorter period. This is contradictory to 
the results of the greenhouse e.xperiment 
and to the work of DeRose. It may be 
that the amount of 2,4, 5-T used in the 
field, 8:5 lb./ acre, was too little effective- 
ly to sterilize the soil; a greater amount 
might have been much more persistent 
as well as more toxic. The relatively 
short persistence of 2,4, 5-T in the field 
may have been associated with the type 
and quantity of organic matter present 
in the soil; the amount in the field soil 
used was very high (4, 6). 

Taylor (12) found that the effects of 
treatment with 4 Ib./acre of 2,4-D and 
IPPC appeared to persist for about 7 
and 5 weeks, respectively, in two neutral 
or nonacid loam soils in Wisconsin. It is 
significant that rainfall was above nor- 
mal during the period of his experiment. 

With the exception of the BE 2,4-D 
treatment in the field, soils treated with 
BE 2,4-D, 2,4-D, and Cu(2,4-D)2 lost 
their toxicity generally at about the 
same rate. Hanks (s) demonstrated that 
2,4-D and calcium 2,4-dichlorophenoxy- 
acetate were leached from each of six 
widely different soils at about equal 
rates, as measured by tests of toxidties 
of leachates, using a modification of the 
corn-root bio-assay method of Sw.anson 
(ii)- 

BE 2,4-D was the most toxic and per- 

sistent of the compounds tested in the 
field. Perhaps it is chemically more stable 
than the other compounds used. An- 
other factor may be a greater capacity 
of the ester to permeate the soil both 
horizontally and vertically. These fac- 
tors may have been associated with the 
high degree of weed control in plots 
treated with BE 2,4-D. 


The great decrease in toxicit}' in the 
cropped soil of the greenhouse experi- 
ment which was replanted on September 
2, 1947, is in agreement with the results 
of Kries (6). The more rapid disap- 
pearance of toxic effects from cropped 
soil than from soil in storage probably 
resulted from factors other .than the 
presence of growing plants only. .Water 
was added much more frequently to the 
cropped soil, the temperature and degree 
of aeration were different, and both 
chemical and biological activit}' may 
have been greater in it. 

The greater growth of soybeans in the 
field in the treated plots following the 
first planting as compared with the 
second may have been associated with 
the length of time between planting and 
the first heavy rainfall following plant- 
ing. There was 0.06 inch of rain during 
an 8-day period following the first 
planting. Although soybeans began to 
germinate during this dry period, they 
grew slowly. Three days after the second 
planting 1.04 inches of rain fell. It thus 
appears that rainfall tended to increase 
the toxic effects of the herbicidal growth- 
regulator in the soil. .It is also possible 
that water or water vapor in a dry soil 
could reach the seeds, making germina- 
tion possible, while there might be little 
or no movement of the growth-regulator 
in the soil. There also may be an associa- 
tion between vegetative activity of 
plants and their response to growth- 
regulators. Plants with ample >vater 
grew rapidly but were more severely 
injured by growth-regulators than plants 
under drier conditions that exhibited less 
vegetative activity. 

The disappearance of toxic effects of 
growth-regulators was apparently close- 
ly associated with rainfall. From June 21 
to July 3, only the rain of 1.02 inches on 
June 29 was of any magnitude. During 
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this period there was little or no loss of 
toxicity from the soil as reflected by 
growth of soybeans and Sudan grass. 
From July 3 to July 17 there were 2.09 
inches of rain, heavy showers falling on 
July 6 and 13. Great decrease of toxicity 
occurred during this period as shown by 
results of the third planting. Further 
gradual reduction in toxicity occurred 
between July 17 and August 5. During 
this period there were 1.44 inches of pre- 
cipitation. On August 5, 45 days after 
application of the growth-regulators, the 
soil was still toxic, an over-all result of 
the dry experimental period. If a crop 
sensitive to the growth-regulators had 
been planted at the end of this interval, 
its yield probably would have been low. 

Several investigators have shown that 
the toxic effects of 2,4-D disappear far 
more rapidly in moist than in dry soil 
(6, 8). Crafts (2) has urged special 
caution in the use of 2,4-D in semiarid 
regions, where the compounds persist for 
a long time in the soil. Kries (6) and 
Hanks (5) have pointed out that 2,4-D 
may persist longer in soils of some 
alkalinity. 

In the field experiments 2,4-D re- 
mained in the upper soil layers, the com- 
pound perhaps having been adsorbed 
there (7, 14). In many soils it might 
leach deeply as indicated by greenhouse 
experiments (3, 5, 9). In such cases 
plowing would be a less effective method 
of eliminating the toxic effects to plants, 
especially if the principal effect of plow- 
ing were to decrease the concentration of 
the growth-regulators by bringing up to 
the surface soil in which it was not 
present. 

The addition of Norit A to soils 
treated with growth-regulators could 
eliminate or greatly minimize the toxic 
effect^ within a few hours. When the 
contratoxicant is mixed in with the sur- 


face soil and the soil watered, the ad- 
sorption of 2,4-D by the contratoxicant 
is apparently rapid, and plantings might 
be made immediately or soon after such 
application. Watering of the soil may 
wash the contratoxicant into and through 
the contaminated portions and might en- 
able the growth-regulator to diffuse in 
the soil and reach the contratoxicant. 

Further studies on the fate of ad- 
sorbed 2,4-D are desirable. Much of it is 
nontoxic to plants as long as it remains 
adsorbed (14), but its ultimate fate is 
unknown. Perhaps it could be released 
later as the charcoal decomposed or with 
changes of pH value or gaseous content 
of the soil. Such release could be ad- 
vantageous or not, depending upon 
whether one were interested in destroy- 
ing or in conserving plants grown in such 
soil. On the other hand, the growth- 
regulators may be altered chemically in 
varying degrees. 

Norit A, when applied to aerial parts 
of plants, caused contact damage to the 
youngest plants, especially Red Kidney 
beans. Usually the plants recovered by 
producing new leaves, but they often re- 
mained badly damaged. Under higher 
light intensities these plants would prob- 
ably have recovered -more rapidly and 
vigorously. With variations of food re- 
serves within the plant, effects could 
differ greatly. The dark color of the con- 
tratoxicants undoubtedly diminished the 
amount of light entering the leaves, 
which may have resulted in lessened 
growth. 

After plants were sprayed with BE 
2,4-D, it was necessary to apply contra- 
toxicants within about 15 minutes to de- 
crease the toxicity of the regulator. Per- 
haps the contratoxicants must be applied 
before the spray dries. It seems more 
probable, however, that in these experi- 
ments a lethal dose of BE 2,4-D might 
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have entered the plant within 15 min- 
utes following spraying. 

The effectiveness of a contratoxicaiit 
applied to plants previously sprayed 
with a growth-regulator may be partial- 
ly dependent upon the speed with which 
the growth-regulator enters the leaf. 
Rice (10) demonstrated that tempera- 
ture, light intensity, and the presence of 
Carbowax 1500 in the solution applied 
to young Red Kidney bean plants affect 
the rate of entrance of NH4(2,4-D), Un- 
der conditions such as that in which 
NH4(2,4-D) in aqueous solution entered 
the leaf more slowly than BE 2,4-D, 
contratoxicants might be eflnctive even 
after a greater lapse of time following the 
application of the NH4(2,4- D) than of 
BE 2,4-D. 

The base mixture of Weed-No-More 
when added to suspensions of contra- 
toxicants decreased their effectiveness. 
At present it is difficult to explain the 
chemical and physical factors which pro- 
duced this effect. Perhaps other types of 
wetting agents would increase instead of 
decrease the effectiveness of contratoxi- 
cants. The use of wetting agents might 
result in even distribution of contra- 
toxicants over the leaf surface and 
change the rate of evaporation of drop- 
lets. 

Summary 

I. 2,4-Dichlorophenoxyacetic acid 
(2,4-D), butyl ester of 2,4-D (BE 2,4- 
D), copper, 2, 4-dichlorophenoxy acetate 
[Cu( 2,4-D)2], 2, 4,5 -trichlorophenoxy ace- 
tic acid (2,4, 5-T), and 0 -isopropyl N- 
phenylcarbamate (IPPC) were added on 
June 6, 1946, to separate aliquots of 
silt loam soil at concentrations of 22 and 
220 p.p.m. About two-thirds of each ali- 
quot was placed in storage and occasion- 
ally moistened. The remaining one-third 
of each aliquot was placed in 5-inch 
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glazed crocks and planted imiformlv 
with Red Kidney beans, white mustard, 
and barley to test the degree of toxicit}' 
of the compounds by later emergence of 
the plants. Soil was removed from stor- 
age on June 27 and November 16, 1946, 
and May 7, 1947, and similarly planted 
to test for degree of toxicity of the com- 
pounds. The soil planted on May 7, 1947, 
was replanted on September 2, 1947. 

2. In this greenhouse experiment much 
of the toxicity of IPPC, the least per- 
sistent compound used, had disap- 
peared after 12 days of storage. Soil 
originally containing 220 p.p.m. of 2,4,5- 
T was still toxic after about 15 months of 
storage. €11(2,4-0)2, 2,4~D, and BE 
2,4-D disappeared with about equal 
rapidity. Soil containing these three com- 
pounds at initial concentrations of 22 
p.p.m. showed little toxicity after ii 
months of storage; soil containing them 
at 220 p.p.m. had lost its toxicity after 
15 months. 

3. 2,4-1) was added to plots in a low- 
land soil at a rate of 7.4 lb./ acre, and 
€11(2,4-0)2, 2,4,5-T, and BE 2,4-D were 
added to other plots at chemically 
equivalent rates. Successive plantings of 
Sudan grass, Red Kidney bean, white 
mustard, and soybean were made. Emer- 
gence of plants and fresh weight of tops 
were used as criteria for judging the 
toxicity in the soil. 

4. In this field experiment 2,4,5-T 
proved to be the least toxic and per- 
sistent, and BE 2,4-D the most per- 
sistent. The treated soils were still con- 
siderably toxic 45 days after application 
of the growth-regulators. 

5. 2,4,5-T brought about poor control 
of weeds, Cu(2,4-D)2 and 2,4-D fair 
control, and BE 2,4-D excellent control. 

6. Spading (plowing) resulted in a 
great decrease in toxicity in a field soil 
contaminated with 2,4-D. When 10 or 25 
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lb. of 2 j 4-D per acre were applied to a 9. Super filtrol and attapulgus clays 
field soil, only the upper 3 inches of soil were ineffective as contratoxicants. 
were toxic to plants even after heavy Lamp black and bone black w^ere partial- 
rains. ly effective. 

7. Addition of Zeo-Karb H or Norit A 10. The addition of the base mixture 

to soil containing 2,4-D resulted in a of Weed-No-More as a wetting agent to 
decrease or in complete elimination of suspensions of contratoxicants often de- 
toxicity. In a greenhouse experiment ad- creased or eliminated their effectiveness, 
dition of Norit A at a concentration of ii. Red Kidney beans were sprayed 
about 218 p.p.m. decreased the toxic with a 0.1% solution of BE 2,4-D and at 
effects of 2,4-D present in the soil. various intervals after treatment w^ere 

8. Finely ground Norit A or Zeo-Karb sprayed with aqueous suspensions of 
H was dusted or sprayed in aqueous sus- Norit A or Zeo-Karb H. Unless the 
pension on Red Kidney bean, soybean, contratoxicant was applied within 15 
white mustard, or marigold. The plants minutes after treatment with the growth- 
were then sprayed with aqueous 0.1% regulator, very little protection was 
solutions of ammonium 2,4-dichloro- afforded. 


phenoxyacetate, sodium 2,4-dichloro- 12. A 5% aqueous suspension of Norit 
phenoxyacetate, triethanolamine salt of A heavily sprayed on young Red Kidney 



2,4-D, isopropyl ester of 2,4-D, or BE beans gave good protection against 
2,4-D, or were dusted with a dust con- sprays of growth-regulators. A larger 
taming BE 2,4-D. In most cases the toxic amount of Zeo-Karb H was required for 
effects of the growth-regulators were equal protection, 
greatly decreased or completely elimi- 
nated by Norit A or Zeo-Karb H. 


Department of Botany 
University of Chicago 
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ABSORPTION AND TRANSLOCATION OF AMMONIUM 2 ,, 4 -DI- 
CHLOROPHENOXYACETATE BY BEAN PLANTS'^ 

CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 697 


ELROY 

Introduction 

Several investigators (2, 8, 12) have 
reported that the addition of Carbowax 
1500 to 2,4-dichlorophenoxyacetic acid 
(2,4-D) markedly increased the responses 
made to the growth substance when ap- 
plied to certain plants. With other plants, 
however, applications of wholly aqueous 
solutions are just as effective (2). One 
purpose of the present experiments was 
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leaf tip curling back when the growth- 
regulator was placed near the tip. These 
investigators were unable to determine 
how much 2,4-D was absorbed in the 
dark, because they had no method of 
measuring absorption directly. Conse- 
quently, another objective of the present 
experiments was to compare the absorp- 
tion of NH4(2,4-D) by the Red Kidney 
bean leaf under various light intensities. 






to shed some light on the reasons for the 
increased effectiveness of ammonium 
2,4-dichlorophenoxyacetate [NH4(2 j 4- 
D)] when applied to the Red Kidney 
bean in a solution containing Carbowax 
1500. In the present investigation, ab- 
sorption of NH4(2,4-D) by the Red Kid- 
ney bean leaf was studied by direct 
measurement.^ 

Temperature has been shown (3, 4, 5, 
9) to have a marked effect on the herbici- 
dal activity of 24-D and related com- 
pounds. No detailed studies, however, 
have been made of the influences of tem- 
perature on absorption and translocation 
of such materials. 

Considerable work has been done on 
the relation of light intensity to absorp- 
tion and translocation of 2,4-D and re- 
lated substances ( 7 ? 14)- It has been re- 
ported (7, 14) that local reaction of a 
treated bean leaf occurs in the dark, the 

^ T,his work was supported in part by a grant from 
the Dr. Wallace C. and Clara A. Abbott Memorial 
Fund of the University of Chicago. 

The term “absorption” is used in this paper to 
mean simply the entrance of the ammonium salt into 
the leaf tissues, irrespective of the forces which are 
operative or the degree of penetration and later 
translocation. 


Mitchell and Brown (7) concluded 
that no translocation of 2,4-D occurred 
in the dark in the snap bean. They 
stated, also, that no stem curvature, 
which was used as a criterion of translo- 
cation, resulted during i day following 
application of 2,4-D to snap beans kept 
in a shaded location (250-500 foot- 
candles at noon, on a clear day). Weaver 
and DeRose (14) found that kidney- 
bean plants treated with 2,4-D and kept 
in the shade did not exhibit as much 
curvature i day after treatment as those 
treated in the same manner in full sun- 
light. Despite the close agreement of re- 
sults of studies on translocation under 
various light intensities, it seemed de- 
sirable to- include such a study in the 
present investigation in conjunction with 
experiments on absorption. 

« 

Material and methods 

The Red Kidney bean was chosen as 
the test plant because its reactions to 
2,4-D and related compounds are fairly 
well known and because of its adaptabil- 
ity to greenhouse conditions and its r; 
rate of 
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uniformity of size and freedom from in- 
jury. They were planted in soil in 4-inch 
glazed pots, three seeds per pot. Before 
treatment, one plant in each pot was re- 
moved, leaving the two most nearly uni- 
form plants. For each of the six experi- 
ments 150 pots were planted, but only a 
maximum of 120' pots with the most 
nearly uniform plants were used. This 
procedure insured having all the plants 
for each experiment very uniform in 
height and in area of primary leaves. All 
the plants were grown in the same green- 
house room and were moved to the vari- 
ous test rooms at the desired time before 
treating with the growth-regulator. 

Three test rooms were used for study 
of the effects of temperature and Car- 
bowax on absorption and translocation. 
The lowest temperature range (46'^- 
58“^ F.) was maintained in a refrigerated 
room with thermostatic control. The two 
higher ranges of temperature were main- 
tained within fairly constant limits in 
rooms in which temperature values did 
not change rapidly. Basement rooms, all 
with the same temperature range, were 
used for the experiments at various light 
intensities. 

Each test room (except the dark room) 
was equipped with a bank of twelve 
^^aylight’^ fluorescent tubes which could 
be raised or lowered so as to regulate the 
light intensity at the surfaces of the pri- 
mary leaves to the desired amount. A 
daily photoperiod of 13 hours was em- 
ployed while the plants were in the test 
rooms (except in the dark room). 

In all series in the light the plants were 
treated 2 hours after the lights came on 
by applying, with a 0,2-mL Kahn pipette, 
0.05 ml. of water containing a known 
amount of NH4(2,4-D) (with or without 
0.5% Carbowax 1500 in different series) 
to the base of the midrib on the upper 
surface of one primary leaf. The amount 


so applied could be controlled consistent- 
ly within approximately i jug. The aque- 
ous solutions of NH4(2,4-D) were made 
by dissolving either 340 mg. or 670 mg. 
of the salt (the amount depending on 
whether the treatment was to consist of 
34 jug. or 67 fig.) in distilled water and 
making up to 500 ml. To make the aque- 
ous solution containing 0.5% by weight 
of Carbowax 1500, 670 mg. of the salt 
were dissolved in 2.5 gm. of melted Car- 
bowax. After hardening, this was dis- 
solved in distilled water and made up to 
500 ml. in a volumetric flask, so that 
0.05 ml. would contain 67 Mg- of the 
growth-regulator. One of the primary 
leaves was treated before much expan- 
sion of the first trifoliate leaf had oc- 
curred, since preliminary experiments 
had shown that the responsiveness of 
kidney-bean plants to a given amount of 
NH4(2,4-D), in terms of both stem cur- 
vature and growth inhibition, decreased 
rapidly with increase in age. Similar re- 
sults on the effect of age have been re- 
ported (16) for several other species. 

The plants in the dark room were 
treated in a similar manner with the aid 
of a photographic developing lamp with 
an orange filter. It was found that this 
light did not allow the formation of 
chlorophyll in Avena coleoptiles in a 24- 
hour period ’of exposure. It is probable 
that such a light had little, if any, effect 
on metabolic processes in the bean plants 
during the very few minutes required for 
application of the solution or during the 
very few minutes required to clip the 
treated leaves. 

The treated leaves were cut off at the 
bases of the petioles at various intervals 
after application (4, 10, 24, 48, and 72 
hours), so as to interrupt further translo- 
cation of the growth-regulator from the 
treated leaf to other parts of the plant. 
Fourteen treated leaves were clipped at 
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each interval in each series. Nine days 
after application of NH4(2,4-D) to the 
primary leaves, the fresh weights of the 
expanded trifoliate leaf blades (including 
petiolules but not petioles) on treated 
and control plants were obtained. These 
weights were used in evaluating the rela- 
tive amounts of growth inhibition which 
resulted for the various time intervals 
during which translocation was possible. 
The amount of such growth inhibition in 
similar experiments (14) has been as- 
sumed to be proportional to the amount 
of growth-regulator translocated from 
the treated leaf into the stem. 

If a small amount of a growth-regula- 
tor, such as NH4(2,4-D), is applied to one 
side of the stem of a succulent plant, such 
as bean, cell enlargement is accelerated 
on the treated side, and stem curvature 
results (7). Therefore, any stem curva- 
ture which f ollows the application of such 
a growth-regulator to a leaf blade is an 
indication that a stimulus has been trans- 
located from the treateid leaf to the re- 
gion of the stem in which the curvature 
occurs. Some experimenters (2) have 
used the amount of stem curvature as a 
measure of the relative effectiveness of 
various treatments with growth-regula- 
tors. In the present experiments the stem 
curvatures were measured, at the time of 
clipping the primary leaves, with a trans- 
parent plastic protractor. 

The clipped primary leaves were 
placed on moist filter paper in moist 
chambers and were immediately sub- 
jected to the following procedure. Each 
leaf was placed in a loo-ml. beaker, and 
the small treated area was washed thor- 
oughly with 20 ml. of distilled water 
blown forcibly from a pipette. This water 
was poured into a 25-ml. volumetric 
flask, and the beaker was rinsed with 
about 4 ml. of distilled water which w'-as 
added to the flask. The contents of the 


flask w^ere made up to volume with dis- 
tilled water. 

The same general procedure was used 
in handling the clipped leaves from the 
untreated control plants. When Car- 
bowax was used in the treatment, an 
equal amount \vas also applied in 0.5% 
acj[ueous solution to one primary leaf of 
each of the control plants at the time of 
treating the other plants in the series. 

In the determination of the amount of 
NH4(2,4-D) left on the surface of a 
treated leaf at the time of clipping, the 
solution resulting from the washing of 
the treated area was tested with a Beck- 
man Quartz Spectrophotometer, model 
DU, according to a slight modification of 
the method developed by Bandurski 
(i). All density readings were taken at 
2300 A, using 5-cm. silica sample cells. 
Control blanks, consisting of the wash- 
ings from control plants, were used in all 
cases. The density of each blank was 
checked against that of distilled water. 
It was found that the density readings of 
most were similar. However, the density 
value of an occasional blank wmuld be 
above or below the usual value, possibly 
because of some dirt or soluble phenolic 
compounds washed from the surface of 
the control leaves. Consequently, it was 
decided to correct all density readings on 
the basis of a common blank. The slight 
variation in the density readings of the 
blanks indicates that the values of the 
density readings of the treated-leaf wash- 
ings may have been affected by the 
presence of compounds other than 
NH4(2,4-D) in a few instances. However, 
the actual error, in terms of micrograms 
of NH4(2,4-D) recovered from the leaf, 
was very small and would tend to aver- 
age out for any one series in each experi- 
ment. 

By experimentation the proper com- 
bination of treatment, volume of test so- 
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liition, and sample-cell size was deter- 
mined, so that most of the density read- 
ings on the spectrophotometer would fall 
within the optimum range of the instru- 
ment. 

After the last group of treated leaves 
had been clipped in each series — 72 hours 
after application of NH4(2,4-D) — all the 
plants were removed to a greenhouse 
room and were allowed to remain until 
the ninth day after application of the 
growth-regulator. At this time the fresh 
weights of the trifoliate leaf blades were 
obtained. In experiment F these weights 
were taken on the eleventh day after 
application. 

Results 

Experiment A. — The purpose was to 
study the effects of temperature on the 
absorption and translocation of NH4(2,4- 
D) applied in aqueous solution. 

The plants were placed in the various 
test rooms 48 hours before being treated. 
One room was kept at the tempeiature 
range of 46‘^-58‘^ F. (series i), one at 
79^-82° F. (series 2), and the other at 
86°“~92° F. (series 3). A primary leaf on 
each plant was treated, according to the 
method already described, with 67 Aig. of 
the salt. At the time of application the 
first trifoliate leaf was just starting to 
expand. 

In series 2 and 3 the maximum amount 
of NH4(2,4-D) had entered the leaf with- 
in approximately the first 4 hours after 
application (fig. i). Maximum absorp- 
tion in the lowest temperature range 
(series 1} had occurred at the end of 48 
hours or perhaps slightly less. 

The amount of NH4(2,4-D) apparent- 
ly absorbed was measured as the differ- 
ence between the known amount applied 
and the amount washed off the primary 
leaf. Experimental errors, especially in 
determining the latter amount, would 


help to account for some of the fluctua- 
tions in the curves showing apparent ab- 
sorption in series 2 and 3 (fig. i). In addi- 
tion, it will be recalled that each point in 
a curve is an average of the amounts of 
NH4(2,4-D) apparently , absorbed by 
fourteen plants at the specified time, 
each group of fourteen consisting of dif- 
ferent plants. Moreover, it was found in 
some cases that individual plants, al- 
though outwardly similar to others, 
showed quite pronounced differences in 
the amount of the salt apparently ab- 
sorbed. In spite of these possibilities of 
experimental error, however, the trends 
of the curves are definite, and the differ- 
ences in their values at any one time are 
for the most part statistically significant 
(table i). 

The amount of the salt which appar- 
ently entered the leaf was greater at the 
higher temperatures (fig. i). Table i 
shows the differences between the mean 
amounts absorbed in the three series for 
each clipping and, also, for all clippings 
considered collectively. 

Regardless of temperature, the treated 
primary leaves had to remain attached, 
over 24 hours to allow enough absorption 
and translocation of the salt to result in 
approximately maximum inhibition of 
growth, as measured by the fresh weights 
of the harvested trifoliate leaf blades 
(fig. i). 

No stem curvature was found in any 
plant within 4 hours after application of 
the salt in series i, but practically every 
treated plant in the two higher tempera- 
ture ranges showed some stem durvature 
during this period. At the end of this first 
4“hour period, the average amount of 
curvature was greatest at the highest 
temperature (series 3). However, when 
the treated leaves were left attached for 
over 4 hours, the plants in series 2 
showed the greatest average stem curva- 
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Figs. 1-2.— Effects of temperature and Carbowax 1500 on: (above) absorption of NH4(2,4-D) by Red 
Kidney bean leaves; (below) stem curvature (broken line), and fresh weights of harvested trifoliate leaf blades 
of treated plants expressed as a percentage of control averages (solid line). Each plant treated at base of mid- 
rib of one primary leaf with 67 ^g. of NH4(2,4-D) in aqueous solution. In series 4, 5, and 6 (fig. 2) solution 
also contained 0.5% by weight of Carbowax 1500. Abscissa represents time of removal of treated primary 
leaves after application of growth substance. Light: 900 foot-candles; 13-hour daily photoperiod. Tempera- 
ture ranges: in series i, 2, and 3 (fig. i)-46°-58°, 79°-82°, and 86"-92" F., respectively: in series 4, ^ and 6 
(fig. 2)--46 -58°, 76°-8c°, and 86^-94° F. ^ 

TABLE 1 

EFFE CT OF TEMPERATURE ON ABSORPTION OF NH4(2,4-D), WITH OR WITHOUT CAR - 
BOWAX 1500. Data based on fourteen plants at each temperature 
RANGE and each CLIPPING. ALL VALUES SHOWN ARE POSITIVE 
Series I, 46^-58° F. Series 4, 46®-s8® F. 

Series 2, 79°-82° F. Series 5, 76^-80° F. 

Series 3, 86°-92° F. Series 6 , 86°-94® F. 


Time of clipping after treatment 

4 hour.s 

10 hours 

24 hours 

48 hours 

72 hours 


Series 2-~series i 
Series 3— series 2 

Series 5 — series 4 
Series 6 — series v 


Difperence between series in /xg. absorbed 
(nearest whole value) 


All 

clippings 


NH4{2,4-D) in water only 


9 ‘-^' 

2 : 

6* 

5 

4 * 

3 

4t 

3 

I 

3t 

0 

3* 

NH4(2,4-D) in water containing 0.5% Carbowax 1500 

2* 

2 

■ 2* ■■ 

4 * 

3t 

6* 

6 * 

7 * 

9* 

13 * 

5 * 

6* 
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ture at any one time through the 72-hour 
period, despite the fact that the plants in 
series 3 had apparently absorbed a 
greater amount of the growth-regulator. 

Experiment B. — This experiment es- 
sentially duplicated experiment A except 
that the aqueous solution of NH4(2,4-I)) 
contained 0.5% by weight of Carbowax 
1500. A primary leaf of each plant was 
treated with 67 fig. of the salt. The two 
higher temperature ranges (series 5 and 
6) varied slightly from those in experi- 
ment A but were sufficiently like them for 
a direct comparison of results. 

Unlike the results without Carbowax 
1500, absorption of NH4(2,4-D) con- 
tinued to take place during the entire 72- 
hour period in all three series (fig. 2). The 
total amount absorbed in 72 hours was 
practically double the amount absorbed 
at the equivalent temperature range 
without Carbowax, although absorption 
during the first 4 hours was slower with 
Carbowax in the higher temperature 
ranges. 

Again, as with the wholly aqueous 
treatment, the total amount of the salt 
absorbed was positively correlated with 
temperature (fig. 2, table i). 

As in experiment A, the treated pri- 
mary leaves had to remain attached more 
than 24 hours in all series to permit suf- 
ficient absorption and translocation of 
the salt to result in approximately maxi- 
mum inhibition of growth, as measured 
by the fresh weights of the harvested 
trifoliate leaf blades (fig. 2). 

Likewise as in experiment A, stem 
curvature did not occur in any plant in 
the lowest temperature range (series 4) 
within 4 hours after application (fig. 2). 
Most treated plants in series 5 and 6 
showed some curvature during this pe- 
riod, although the average curvature was 
not quite so great as in experiment A. 
The average curvatures were the same in 


series 5 and 6 at the end of 4 hours. In all 
cases in which the treated leaves re- 
mained attached to the plants for over 4 
hours, the average curvature was great- 
est in series 5 (intermediate tempera- 
ture). The average curvature in series 6 
was even slightly less, 24 and 72 hours 
after application, than in series 4 (fig. 2). 

Experiment C.—This experiment w^as 
designed to measure the effects of tem- 
perature on plants of a slightly younger 
age to which a smaller amount of 
NH4(2,4-D) was applied. The plants 
were placed in the various test rooms 48 
hours before treating with 34 /xg. of the 
salt in aqueous solution. At the time of 
application the first trifoliate leaf had 
not yet started to expand. The tempera- 
ture ranges in series 7, 8, and 9 were 
46 °~s 8°F., 68°-72"F., and 78°-82" F., 
respectively. 

The amount of the salt absorbed was 
not measured. The fresh weights of the 
trifoliate leaf blades were inversely cor- 
related with the temperature values 
maintained during the period of treat- 
ment, as in experiments A and B (fig. 3). 
Again, no stem curvature occurred with- 
in 4 hours after application in any plants 
treated in the lowest temperature range 
(series 7) . In series 8 and 9, however, stem 
curvature resulted in every plant during 
this period, and the degree of mean cur- 
vature at the end of 4 hours was posi- 
tively correlated with temperature as in 
experiments A and B. 

Experiment D.—Half the plants (se- 
ries 10) were placed in light of 900 foot- 
candles with a 13-hour daily photoperiod 
and half (series ii) in darkness, 24 hours 
before application of NH4(2,4-D). The 
temperature range in both series was 
j 6^-82^ F. Each plant was treated with 
67 /xg. of the salt in water only. At the 
time of application the first trifoliate leaf 
had not yet started to expand. 
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The amount of the salt apparently ab- 
sorbed in the dark was significantly 
greater than in the light (fig. 4, table 2). 
Much of the absorption took place dur- 
ing the first 4-hour period after applica- 
tion, as in experiment A. 

There was no stem curvature in the 
plants treated in the dark, and the aver- 
age weight of their trifoliate leaf blades 
was essentially the same as the average 



Fig. 3. — Relative growth inhibitions of kidney- 
bean plants treated, on one primary leaf, with 
34 jug. of NH4(2,4-D) in aqueous solution, as shown 
by fresh weights of harvested trifoliate leaf blades 
(weights expressed as percentages of control aver- 
ages). Temperature ranges of series 7, 8, and 9 — 
46®“S8°, 68°-72®, and 78^-82° F., respectively. Light: 
goo foot-candles; 13-hour daily photoperiod. Abscis- 
sa as in figs. i“2. 

of the corresponding controls (fig. 4). 
The primary leaves treated in the dark 
folded upward along the midrib and be- 
came wavy and crinkled. The average 
weight of the trifoliate leaf blades of 
plants treated in the light was inversely 
correlated with duration of treatment, as 
in all other experiments. 

Experiment E. — The plants (series 
12) were placed in the dark 48 hours be- 
fore each was treated with 67 yug. of 
NH4(2,4-D) in water with 0.5% Car- 
bowax 1 500 and were left in the dark for 
the following 72 hours. The temperature 
of the dark room varied from 82° to 


86'^ E. At the time of application the first 
trifoliate leaf was just starting to expand. 

There was a continued absorption of 
the salt in the dark during the entire time 
that the material remained on the .leaf 
(fig. 4), as was true when Carbowax was 



Fig. 4.— Effect of light on: (above) absorption of 
NH4(2,4"D) by bean leaves; (below) stem curvature 
(broken line) and growth inhibition (solid line)^ ex- 
pressed as in figs. 1-2, of plants treated at base of 
midrib of one primary leaf with 67 p.%. of NH4(2,4- 
D) in aqueous solution. Series 12, 0.5% Carbowax 
1500 added to solution. Light: series 10, 900 foot- 
candles with 13-hour daily photoperiod; series ii 
and 12, complete darkness. Temperature ranges: 
series 10 and ii, 76®-82°F.; series 12, 82®-86° F. 
Abscissa as in figs. 1-2. 

used in the treatment in the light in ex- 
periment B. There was no stem curva- 
ture, but, as in experiment D, the treated 
primary leaves folded upward along the 
midrib and became crinkled and wavy. 
Growth of the trifoliate leaf blades w^’as 
not visibly affected by the treatment. 

Experiment F. — Series 13, of eighty 
plants, was placed in light of 100 foot- 
candles, series 14 in 900 foot-candles (13- 
hour photoperiod in both series), and 
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series 15 in complete darkness, all 24 
hours before each plant was treated with 
67 ptg. of NH4(24-D) in water only. The 
temperature range for all series was the 
same, 69^-77° F. The first trifoliate leaf 
had not yet started to expand at the 
time of application. 


back at the tips or folded upward along 
the midrib. They usually became slightly 
wavy and crinkled also. 

The treated primary leaves on plants 
in light of 100 foot-candles became wavy 
and crinkled but not to the same degree 
as those in the dark. There was some 


TABLE 2 


Effect of light on absorption of wholly aqueous solution of NH4(2,4-I)) 
Data based on fourteen plants for each series at each clipping 


Series ro, 900 foot-candles light Series 13, 100 foot-candles 

Series ii, complete darkness Series 14, 900 foot-candles 

Series 15, complete darkness 



Difference between series in jj . g . absorbed 
(nearest iraOLE value) 

Time of clipping after treatment 

All 

clippings 

4 hours 

10 hours 

24 hours 

48 hours 

72 hours 

Scries ii — series 10 

Series 14— series 13 

Series 15— series 14 

Series 15— series 13 

E.xperiment D — Temperature 76°“S2® F 

+ Ht 

+5 


+ 23" 

+ 9 t 

+ 12* 

E.\*periment F — Temperature 6 o®-77®F. 

+ I 

3 

4 * 4 t 

+i 

+6* 

+ 7 * 

+ 2 
+ 4 t 
-f 6'" 

— I 

+ 7 * 
-f- 6=*= 

-f-I 

+ 5 * 

+6* 

+ I 
+ 5 * 
+ 6* 


Significant at o.oi level. t Significant at 0.02 or 0.05 level. 


The amounts absorbed at 900 foot- 
candles and at 100 foot-candles were es- 
sentially the same. There were no sta- 
tistically significant differences between 
the amounts absorbed by these series at 
any one time or when all clippings were 
considered together (table 2). 

More of the salt was absorbed in the 
dark than in either of the series in the 
light (fig. 5). Most of these differences 
were statistically significant (table 2). 

There was no stem curvature in series 
15. The treated primary leaves on these 
plants in the darkj however, either curled 


stem curvature in most of the treated 
plants in this series, but the average cur- 
vature was less at every measurement 
than for plants at 900 foot-candles (fig. 
5). The average curvature in plants at 
100 foot-candles was considerably greater 
10 hours after treatment than at any 
other time. 

The weight of the harvested trifoliate 
leaf blades of the plants treated in the 
dark approximated that of the corre- 
sponding controls (fig. s)* This value for 
plants treated at 100 foot-candles (series 
13) was considerably less than the cor- 
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responding controls in those cases in 
.which the treated leaves remained at- 
tached for over 24 hours. The average 
weight of trifoliate leaf blades (expressed 
as a percentage of the average of con- 
trols) in series 14 was considerably less, 
however, than in series 13. 

In all three series in this experiment, as 
in all other experiments in w^hich Carbo- 
wax was not used, most of the absorption 
of the salt apparently took place within 
the first 4-hour period after application. 

Discussion 

When NH4(2,4-D) was applied in 
water without Carbowax 1500, in most 
cases the water was observed to evapo- 
rate completely, resulting in crystalliza- 
tion of the salt still on the surface, within 
approximately 4 hours after application 
in the higher temperature ranges. In 
these cases it was found that most of the 
absorption of the salt occurred during 
this period (figs, i, 4, 5). In the lowest 
temperature range the treated area re- 
mained moist for a considerably longer 
period of time, and absorption continued 
beyond the first 24-hour period after ap- 
plication (fig. i). These results of meas- 
urement of the absorption of the salt in 
aqueous solution agree fairly closely with 
the conclusions reached indirectly by 
Weaver and DeRose (14), who, in in- 
terpreting the results of Weaver et al. 
(15), stated that “almost maximum dam- 
age ensued if young plants [Red Kidney 
bean] were not subjected to an artificial 
rainfall until 6 hours after exposure [to 
aqueous NH4( 2, 4-D) sprayed on them], 
indicating maximum entry of the com- 
pound into the plant within this period.’’ 
By “maxinium entry” the authors ap- 
parently meant the maximum under the 
conditions of the experiment and not the 
total amount that could enter the plants 
under any circumstances. 


In all experiments except experiment 
F, the plants used grew in the greenhouse 
during warm "weather. When they were 
treated, the drop of solution remained at 
the base of the midrib of the treated leaf. 
The plants used in experiment F grew in 
the greenhouse during cool weather and 
required several days longer than the 
others to reach the same apparent stage 
of development. When their leaves were 


I5r- 


S210 


lOOH 


60 C 


40 o 


20 rn 


24 48 

TIME IN HOURS 


Fig. 5. — As in fig. 4. Plants treated with 67 jug. of 
NH4(2,4-D) in wholly aqueous solution. Tempera- 
ture range: F. Light intensities for series 13, 

14, and 15: 100 foot-candles, 900 foot-candles, and 
complete darkness, respectively. Daily photoperiod 
of 13 hours for series 13 and 14. 

treated with NH4(2,4-D) in water (no 
Carbowax), the solution tended to creep 
along the midrib and thence out along 
the lateral veins. As a consequence, dry- 
ing occurred quite rapidly, and the 
amount of the salt absorbed was con- 
siderably less than by plants of the same 
apparent stage of development similarly 
treated in experiment D. Whether the 
behavior of the drop was an important 
factor in the difference in absorption can 
only be conjectured. Smith (ii), using 
wholly aqueous solutions of NH4(2,4-D) 
in herbicidal studies, found that sprays 
of relatively large-droplet size (561- 
2 50 IX av. diam.) were more effective than 
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those of snialler'droplet size ji av. 
diam.). A possible interpretation of his 
results would suggest that the length of 
time required for evaporation of the 
water applied in treatment is an impor- 
tant factor influencing the total amount 
of the salt absorbed when no hygroscopic 
agent is added. It should be pointed out 
that the temperature range in experiment 
D was somewhat higher than in experi- 
ment F. This might account for some of 
the greater absorption in experiment D. 
The amount absorbed in experiment F, 
howeverj was even less than that ab- 
sorbed in the lowest temperature range 
of experiment A by plants in a more ad- 
vanced stage of development. These ob- 
servations on the behavior of the drop 
suggest that there may be differences in 
the leaf surfaces of plants grown in cool 
and warm weather which may condition 
their absorption of aqueous sprays. 

In contrast to the limited absorption 
of the salt after the first 4 hours when 
applied in wholly aqueous solution are 
the results obtained when Carbowax 
1500 was added to the solution (Figs. 2, 
4). At every temperature range tested 
and in complete darkness as well as in 
light j the presence of Carbowax 1500 in 
the solution resulted in the salt being 
absorbed continuously for 72 hours. A 
suggestion made by Ennis and Boyd (2) 
thus seems to be the correct explanation 
of the action of Carbowax in increasing 
the effectiveness of various growth sub- 
stances applied to the kidney bean. They 
stated that ^The presence of Carbowax 
effects the retention of moisture on the 
leaf surface for an interval sufficient to 
permit absorption of the compound by 
the epidermal leaf tissues.” 

It was found that NH^Ca^-D) in aque- 
ous solution entered the kidney-bean leaf 
in the lowest temperature tested (46"^- 
F.), although the rate of entry at low 


temperatures was considerably less than 
at higher temperatures, How^ever, with 
Carbowax 1500 added, the amount of 
salt absorbed in 72 hours in the lowest 
temperature range was as great as in the 
intermediate temperature range without 
Carbowax. 

In experiments A and B, the total 
amount of salt absorbed w’^as positively 
correlated with temperature. It is impos- 
sible to say whether the differences in the 
rates of absorption at various tempera- 
tures resulted from the effects of tem- 
perature on diffusion phenomena and 
permeability or whether there were 
structural differences of the leaves them- 
selves which affected the diffusion of the 
salt into them. The latter seems doubt- 
ful, since the temperature differential 
w^as maintained for only 48 hours before 
application. 

No stem curvature in response to 
treatment was exhibited by any plant in 
the lowest temperature range (46°- 
58° F.) within 4 hours after application, 
while practically every plant in the inter- 
mediate and highest temperature ranges 
in all experiments showed some curva- 
ture within that period. The lack of 
visible response at the lowest tempera- 
ture could be a consequence of the effect 
of temperature on the rates of one or all 
the following processes: absorption of 
NH4(2,4-D), translocation of the growth- 
regulator to the stem, or growth re- 
sponses in the stem. It has been conclu- 
sively shown that the rate of absorption 
was considerably less in the lowest tem- 
perature range, so that factor could have 
been responsible, in part at least, for the 
lack of stem curvature at the end of 4 
hours after application. This does not 
prove, however, that the other two fac- 
tors were not important. Another fact 
which tends to complicate the interpreta- 
tion of the results of the translocation 
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.studies in low temperatures is that the 
treated primary leaves had to remain at- 
tached for approximately the same length 
of time in all temperature ranges for 
maximum growth inhibition (for the 
given conditions) to ensue. Moreover, no 
curling or folding of the treated primary 
leaves occurred in the low temperature 
range at any time after treatment. This 
was in marked contrast to the visible re- 
sponses of primary leaves treated in the 
dark or in low light intensity and from 
which complete translocation of the salt 
apparently did not take place. The last 
two facts may possibly indicate that 
most of the growth-regulator which en- 
tered the leaf in the low temperature 
range was translocated into the re- 
mainder of the plant just as it was in the 
higher temperature ranges. However, the 
evidence is insufiicient to determine the 
effect of temperature on the rate of trans- 
location. 

In the present experiments it was 
found that more NH4(2,4-D) actually 
entered the leaf in the dark than in the 
light, the differences being highly sig- 
nificant in most cases. Despite this fact, 
no stem curvature occurred in any plant 
kept in the dark during the period be- 
tween application and clipping of the 
treated leaf. Moreover, the average 
weight of the harvested trifoliate leaf 
blades of plants treated in the dark was 
essentially the same as that of the cor- 
responding controls. These facts suggest 
either that no translocation of the growth- 
regulator out of the leaf occurred in the 
plants kept in the dark or that, even if 
translocated, it was not effective in evok- 
ing responses in the remainder of the 
plant. Two factors which may have con- 
tributed to the greater absorption by the 
plants in the dark were their greater suc- 
culence and the slightly longer time re- 
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quired for the water applied to them in 
treatment to evaporate. 

Although the amount of the salt ab- 
sorbed was essentially the same at 100 
foot-candles of light as at 900 foot- 
candles, the av’erage stem curvature was 
less at every measurement in the former 
series. The primary leaves treated at the 
lower intensity tended to become wavy, 
similar to those in the dark but in lesser 
degree, while the primary leaves treated 
at 900 foot-candles w’-ere not visibly af- 
fected. Moreover, the average weight of 
the trifoliate leaf blades of plants treated 
at 100 foot-candles (expressed as a per- 
centage of corresponding controls) was 
more in every case than those treated at 
900 foot-candles. These facts suggest 
that the limiting factor in the systemic 
activity of the salt in low light intensities 
was its slower translocation out of the 
treated leaf into the stem. 

Although relative inhibition of growth 
of the trifoliate leaf blades was used in 
the present experiments as a partial indi- 
cation of the amount of translocation, 
the writer is fully aware that this is not 
an absolute measure and used it only be- 
cause of the lack of a better method. 
Mitchell et al. (10), after applying 
2-iodo-3-nitrobenzoic acid containing ra- 
dioactive iodine to one primary leaf of 
young bean plants, found that growth of 
the terminal buds was reduced roughly 
in proportion to the amount of the 
growth-regulator accumulated in them 
until a concentration of 2.7 Mg*/ 50 mg. 
of dry tissue was reached. At higher con- 
centrations, no greater inhibition oc- 
curred. Weaver (13) reported a strong 
inverse correlation between the weight of 
trifoliate leaf blades of the Red Kidney 
bean and the amount of 2,4-D earlier ap- 
plied in aqueous sprays. In the present 
investigation a negative correlation was 
found between the amount of NH^(2,4- 
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D) absorbed in experiments A and B and 
the fresh weight of the harvested trifoli- 
ate leaf blades for all plants, regardless of 
the time of clipping the treated primary- 
leaves. In experiment B this correlation 
was highly significant (o.oi level) for all 
plants except those from which the 
treated leaves were clipped 4 hours after 
application. In experiment A the correla- 
tion was statistically significant for the 
plants from which the treated primary 
leaves w^ere clipped after 24 and 48 hours 
but not for the others. The limited trans- 
location which had occurred during the 
first 4 hours after application perhaps 
accounts for this lack of a significant level 
of correlation in those plants from which 
the treated primary leaves were then 
clipped. 

There was no consistent statistical cor- 
relation between the amount of the salt 
absorbed and the degree of stem curva- 
ture at the time of removing the treated 
leaf. It was positive, however, for the 4- 
and lo-hour clippings in experiments A 
and B and significantly so at both times 
in experiment B. As previously pointed 
out, the greatest average curvature after 
the first 4-hour period consistently oc- 
curred in The intermediate temperature 
range, although more of the salt was ab- 
sorbed in the highest temperature range. 
Apparently there are many factors which 
condition the amount of stem curvature 
resulting from a given treatment. Conse- 
quently, the degree of curvature definite- 
ly is not an accurate measure of the 
amount of a given growth substance 
which has entered a plant even though 
such use has been made of it in the past. 

In conclusion, Carbowax 1500 appar- 
ently increases the effectiveness of vari- 
ous growth substances applied to the 
kidney-bean leaf in aqueous solution by 
causing enough moisture to be retained 
on the treated area to permit absorption 


of the material over a longer period of 
time, thus effecting a greater amount of 
absorption of the growth-regulator. Car- 
bowax does not appear to have any effect 
on the rate of translocation of such com- 
pounds, although the evidence is insuf- 
ficient for a definite conclusion. Rate and 
amount of absorption of NH4(2,4-D) by 
the leaves of kidney-bean plants are posi- 
tively correlated with temperature. The 
evidence as to the effects of temperature 
on its translocation is not conclusive. 
Rate and amount of absorption of the 
salt are greater in the dark than in the 
light, but various light intensities (100 
f.-c. or above) do not appear to have any 
effect on absorption if temperature is 
constant. There apparently is no translo- 
cation of NH4(2,4-D) out of the treated 
leaf in the dark, or, if translocated, it is 
not effective in evoking responses in the 
remainder of the plant. The rate of trans- 
location in the light, however, is appar- 
ently positively correlated with inten- 
sity, at least in the lower intensities. In 
general, these results substantiate the 
conclusions of the majority of other 
workers (7, 14) that translocation of the 
growth stimulus occurs most rapidly un- 
der conditions favoring photosynthesis 
in, and the movement of food materials 
from, the treated area. 

Summary 

I. Young Red Kidney bean plants 
were treated by applying a known 
amount of ammonium 2,4-dichlorophe- 
noxyacetate [NH4(2,4-D)] to the base of 
the midrib on the upper surface of one 
primary leaf . The treated leaves were cut 
off at the bases of the petioles at various 
intervals (4, 10, 24, 48, and 72 hours) 
after application so as to interrupt fur- 
ther translocation of the growth-regula- 
tor from the leaf to other parts of the 
plant. Fresh weights of the expanded 
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trifoliate leaf blades on treated and con- 
trol plants 9 days after application of the 
salt were used in evaluating the relative 
amounts of growth inhibition which re- 
sulted for the various time intervals dur- 
ing which its translocation from the leaf 
was possible. The average degree of stem 
curvature at the time of clipping the 
treated piimary leaves was also used as a 
supplementary indication of the amount 
of such translocation. To determine how 
much NH4(2,4-D) was apparently ab- 
sorbed by each leaf, the treated area was 
washed volumetrically with distilled wa- 
ter. The washings were tested for content 
of the salt by a slight modification of the 
method developed by Banourski (i). 
The amount left on the surface of a 
treated leaf at any time and thus meas- 
ured was subtracted from the amount 
applied to give an approximate measme 
of the amount absorbed. 

2. Much of the absorption of NH4(2,4- 
D) from a wholly aqueous solution by the 
leaf occurred within the first 4 hours after 
application. The addition of 0.5% by 
weight of Carbowax 1500 to the solution 
resulted in the salt being absorbed con- 
tinuously during the period of treatment 
(72 hours). 

3. The amount of the salt absorbed was 
positively correlated with temperature 
values during treatment, both with and 
without Carbowax. 

4. There was no significant difference 
between the amounts of the salt ab- 
sorbed at 100 foot-candles of light and at 
900 foot-candles at the same air tempera- 
ture; the amount absorbed in the dark 
was significantly greater. 

5. The fresh weight of the trifoliate 
leaf blades of plants treated in the dark 
was essentially the same as that of the 
corresponding controls, and no stem cur- 


vature occurred. In addition, the treated 
primary leaves folded upward along the 
midrib and became wavy. These facts 
suggest that , though there may have been 
movement of NH4(2,4-D) within the 
treated leaf, no translocation from the 
treated leaf occurred in complete dark- 
ness. 

6. The relative fresh weights (expressed 
as a percentage of the average of the con- 
trols) of the trifoliate leaf blades of plants 
treated at 100 foot-candles of light were 
considerably greater than those of plants 
treated at 900 foot-candles, even though 
the amounts of the growth-regulator ab- 
sorbed were the same. The average de- 
gree of stem curvature was considerably 
higher in the latter series. Moreover, the 
primary leaves treated at the lower in- 
tensity tended to become wavy, similar 
to those in the dark but in lesser degree, 
while those at 900 foot-candles were not 
visibly affected. All these facts suggest 
that the rate of translocation of NH4(2,4- 
D) from the leaf in the kidney bean is 
positively correlated with light intensity 
prevailing during treatment, at least for 
the lower intensities. 

7. The available data do not indicate 
any effect of Carbowax 1500 on translo- 
cation of NH4(2,4-D) from the treated 
leaf. 

8. Data concerning the effects of tem- 
perature on the rate of translocation of 
the growth-regulator were inconclusive. 

The writer acknowledges with sincere 
thanks the advice and assistance given 
by Dr. Charles E. Olmsted, Mr. 
Robert S. Bandurski, and Dr. Robert 
J. Weaver of the Department of Botany 
of the University of Chicago during the 
course of this investigation. 
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INACTIVATION OF 2,4-DIGHLOROPHENOXYACETIC ACID IN SOIL 
AS AFFECTED BY SOIL MOISTURE, TEMPERATURE, THE 
ADDITION OF MANURE, AND AUTOCLAVING 

JAMES W. BROWN' AND JOHN W. MITCHELL" 


Introduction 

Several workers have noted that some 
time after 2 , 4 -dichlorophenoxyacetic acid 
( 2 , 4 -D) is applied to soils its effectiveness 
as a herbicide may be markedly reduced 
or entirely eliminated (i, 2, 3, 5, 6, 7, 8).^ 
Mitchell and Marth (6) found that 
2 , 4 -D was still strongly active after stor- 

^ Assistant Physiologist, =* Senior Physiologist, 
Bureau of Plant Industry, Soils and Agricultural 
Engineering, Agricultural Research Administration, 
U.S. Department of Agriculture, Beltsville, Md, 


age for 18 months in air-dry soil which 
was relatively low in organic matter, but 
in some of their tests it showed no activ- 
ity in well-manured soil which had been 
treated with 2 , 4 -D and kept moist for 2 
weeks. 

The present experiments were under- 

^ Since this paper was submitted for publication 
the following article was published: Kries, Oliw. 
H. Persistence of 2,4-diGhlorophenoxyacetic acid in 
soil in relation to content of water, organic matter, 
and lime. Box. Gaz. 108:510-525. 1947. 
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taken to test the effect of levels of soil 
iiioistiire, soil temperature, the addition 
of manure, and autoclaving on the in- 
activation of 2,4-D in soil 

Experimentation 
Soil temperature 

Methods. — Experiments were started 
on September 23, 1946, to evaluate the 
effect of temperature on the rate of in- 
activation of 2,4-D in soil. Fiats were 
fitted with wooden partitions so that 
their 1X2 foot interiors were divided in- 
to twelve compartments approximately 
4X6X2J inches. Moisture-proof cello- 
phane liners were constructed and fitted 
to each of these compartments. To pro- 
vide drainage and to minimize soil -mois- 
ture contamination between compart- 
ments, two holes were made in the bot- 
tom of each liner directly above aper- 
tures in the flats. Fertile, composted soil 
was placed in each compartment to a 
depth of approximately 2 inches. 

Surface applications of 2,4-D were 
made at rates of 0.0, 3.5, 7,0. 17.4, 52.2, 
and 174.0 mg. per pound of soil, approxi- 
mately equivalent to o, 2, 4, 10, 30, and 
100 lb. per acre. The necessary amounts 
of 2,4-D for treating all compartments 
receiving the same rates were dissolved 
in 60 cc. of 95% ethyl alcohol (warmed 
gently for the higher rates). The solu- 
tions were poured into glass dishes con- 
taining enough quartz sand to make a 
total dry weight of 200 gm. when com- 
bined with the weight of the added 
2,4-D. The alcohol was evaporated off at 
80° C., and the mixtures of 2,4-D and 
sand were thoroughly stirred in order to 
insure even distribution of the acid. Ali- 
quots of 5 gm. from each dish thus pro- 
vided equivalent surface applications of 
the acid at the desired rates. There were 
two replications of each treatment in 
each flat. 


3 '^5 

All compartments were watered ec{ual- 
ly. The individual flats were weighed and 
then stored. During storage, moisture 
levels were maintained by weight at bi- 
weekly intervals. The moisture content 
'was approximately 20%, an amount 
which maintained the soil in a condition 
suitable for planting. Equal numbers of 
flats were stored at 36"^, 50°, and 70° F., 
and one flat was removed from each tem- 
perature after having been stored for o, 

I, and 2 months. 

Upon removal from storage, the flats 
were transferred to a greenhouse (65*^-- 
75° F.). Four rows of seeds were planted 
in each compartment, alternate rows 
containing ten mustard and ten barley 
seeds. Unfortunately, the first two plant- 
ings (o and I month) were with freshly 
harvested mustard seeds which were 
somewhat dormant, but the last plant- 
ings (i and 2 months) were made with 
older seed from another source and hav- 
ing a higher percentage of germination. 

Emergence counts were made 20 days 
after planting, and after 35 days fresh 
weights of plants from the individual 
rows were obtained. 

The sensitivit}^ of mustard to 2,4-D is 
relatively high, and survival and yield 
data obtained wfith mustard were there- 
fore used as a measure of the inactivation 
of 2,4-D. Barley is relatively resistant to 
2,4-D and was used as an indicator of the 
amount of 2,4-D that could be added to 
the soil without significantly reducing its 
growth. 

Results.— Survival of mustard in- 
creased with storage temperature up to 
70^ F., the 2,4-D being inactivated at a 
more rapid rate and to a greater degree 
at the highest temperature tested (table 
I, figs. I, 2). The activity of 2,4-D ap- 
plied at a rate of 10 lb. per acre in soil 
stored for 2 months at 70^ F. sho'W’'ed no 
appreciable effect on the survival of mus- 
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tard planted after that time, whereas 
2,4"I) at a rate of 2 lb. per acre in soil 
stored at 36° F. for the same length of 

TABLE 1 ■ 

SUKVIV.\L COUNT OF MUSTARD 20 DAYS AFTER 
PLANTING IN SOIL TREATED WITH VARIOUS 
AMOUNTS OF 254-'D AND STORED FOR o, N i, 
OR 2 MONTHS AT 36°, 30°, OR 70° F. EACH OB- 
SERVATION REPRESENTS NUMBER OF PLANTS 
SURVIVING FROM FORTY PLANTED SEEDS 


Concentration of 
2,4-D IN SOIL 

Months of soil 

STOR.^GE 

Mg. /lb. 

Lb. /acre 

0 

1 

I 




Stored at 36‘ F. 

0.0 

0 

20 

21 

31 

37 

3 • 5 

2 

0 

4 

10 

12 

7.0 

4 

0 

0 

3 

0 

17.4 

10 

0 

0 

0 

0 

52.2 

30 

0 

0 

0 

0 

174.0 

100 

0 

0 

0 

0 



Stored at 30° F. 

0,0 

0 

10 

25 

35 

34 

3-5 

2 

0 

3 

30 

33 

7.0 

4 

0 

0 

32 

27 

17.4 

10 

0 

0 

II 

15 

• 52-2 

30 

0 

0 

0 

0 

174.0 

100 

0 

0 

0 

0 



Stored at 70° F 

0.0 

0 

13 

26 

34 

35 

3-5 

2 

I 

25 

37 

35 

7.0 

4 

I 

15 

34 

34 

17.4 

10 

0 

17 

18 

32 

52.2 , 

30 

0 

0 

3 

15 

174-0 

100 

0 

0 

0 

0 


Difference required for significance at the 5% and 1% 
levels = 6-8° and S,g6, respectively. 


time was still highly active by the same 
standards (table i). 

The data obtained on the survival of 
barley were consistent but are misleading 
in that emergence of barley is not serious- 
ly influenced by the presence of relatively 
large amounts of 2, 4-D, whereas the sub- 


sequent growth and development of bar- 
le}' seedlings may be markedly affected 
(fig. i). Data 011 barley yields (table 2) 

TABLE 2 

Fresh weight (gm.) of tops of barley plants 
35 days iVFTER planting IN SOU. TREATED 
WITH VARIOUS AMOUNTS OF 2,4-D AND 
STORED FOR o, i, OR 2 MONTHS AT 36°, 50°, 

OR 70° F. Each observation obtained 

FROM 40 PLANTED SEEDS 


Concentration of 

2,4-D IN SOIL 

Months of 

SOIL STORAGE 


Lb. /acre 

0 

i 

I 

2 



Stored at 36“ F. 

0.0 

0 

54-4 

62.6 

79.1 

87.3 

3 • 5 

2 

26.9 

91. 8 

90. I 

81.4 

7.0 

4 

38.8 

64.3 

77.7 

S 4 .S 

17.4 

10 

8.1 

37-9 

37-5 

37.2 

52.2 

30 

0.8 

0.7 

2.4 

2.4 

174.0 

100 

0.0 

0.0 

0.0 

0.0 



Stored at 50° F. 

0.0 

0 

53-8 

70.5 

114.7 

90.4 

3 • 5 

2 

36.7 

76.8 

119.3 

84.1 

7.0 

4 

45-2 

88.7 

125.8 

95-6 

17.4 

10 

9.2 

37-3 

80.4 

72.0 

52.2 j 

30 

0.0 

3-5 

7.4 

13-5 

174.0 1 

100 

0.0 

0.0 

0.0 

0.0 



Stored at 70° F. 

0.0 

0 

43-5 

84-5 

129.9 

68.0 

3-5 

2 

44.4 

69.8 

105.5 

100.9 

7.0 

4 

24.2 

76.4 

120.6 

75-5 

17-4 

10 

7.7 

68.6 

90.9 

68.6 

52.2 

30 

0, 2 

3-3 

12.3 

67.9 

174.0 

100 

0.0 

0.8 

0. 0 

4.7 


Difference required for significance at the 3% and 1% 
levels = 24.0S and 31.75, respectively. 


indicate that the 2,4-D effect has been 
minimized after 2 months of storage at 
70° F. even at a rate of application of 
30 lb. per acre, while storage for the 
same period at 30° and at 50° F. gave 
comparable indications for rates of 2 and 
10 lb. per acre, respectively. 
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Since planting dates were staggered 
because of the different lengths of stor- 
age, plants harvested at the end of each 
test period (35 days) were exposed to 
seasonal variations of some environmen- 
tal conditions. Although grown in a 
greenhouse, growth of the different sets 
of test plants varied because of these 
seasonal changes. 

Soil moisture 

Methods.— In studying the inactiva- 
tion of 2,4-D in soil, duplicate experi- 
ments were made to test four soil mois- 
ture levels (2I, 10, 20, and 30%), six 
rates of 2,4-D application similar to 
those used in the temperature experi- 
ments, tw^o types of application (surface 
and mixed into the soil) , and two storage 
periods (2 and 4 weeks). 

On October 24, 1946, ninety-six ali- 
quots (195 gm. each) of air-dry soil were 
weighed into moisture-proof cellophane 
bags shaped to fit 3-inch clay pots. 
Treatments w^ere then applied to the sur- 
face of the soil by sprinkling 5 gm. of 
quartz sand containing the respective 
quantities of 2,4-D for the above rates. 
For the mixed applications, batches of 
the same air-dry soil were thoroughly 
mixed with 2,4-D so as to give the same 
rates of application, calculated on the 
basis of 2 million lb. as the weight of 
the surface soil of one acre. Two hundred 
grams of the mixture of soil and 2,4-D 
were weighed into each of the cellophane 
envelopes contained in a second set of 
ninety -six pots. 

The moisture content of the air-dry 
soil was approximately 2|%. Pots al- 
lotted for each concentration, type of ap- 
plication, and storage period were then 
brought up to 10, 20, and 30% moisture. 
Thus, in each group of twenty-four pots, 
six groups of four pots each contained 


different concentrations of the acid, each 
concentration had four moisture levels, 
and all twenty-four pots served as one 
replicate for one type of application. 
Since each type of application had two 
replicates, a total of ninety-six pots was 
included in each storage period em- 
ployed. 

After the moisture levels were ad- 
justed, the cellophane envelopes were 
closed by sealing them with a hot iron. 
The initial weights of the pots were ob- 
tained, and the pots were stored under 
brown paper on a bench where the tem- 
perature varied from 65° to 75° F. 

At the end of 2 weeks, half the pots 
were removed from storage, the cel- 
lophane containers opened, and a hole 
punched in the bottom of the latter to 
afford drainage. They were then placed 
in a shallow tray of water to bring all soil 
samples to an optimum level for planting 
seeds. Each pot was then planted with 
ten selected seeds of Southern Giant 
Curled mustard {Brassica japonica). 

The remaining pots were weighed and 
adjusted to their former weights by the 
addition of water through a slit cut in the 
cellophane which was then closed with 
cellophane tape. The water loss from soil 
samples (owing to imperfect sealing of 
the cellophane containers) was less than 
5 %. 

Counts of mustard made 1 1 days after 
sowing represented emergence and sur- 
vival of the seedlings and offered a means 
of evaluating the inactivation of 2,4-D in 
the soil. 

At the end of 4 weeks the remaining 
group of soil samples was handled in a 
similar manner. 

Results.— The inactivation of 2,4-D 
in the soil was influenced significantly by 
the rate and type of application of the 
acid, the soil-moisture level during stor- 
age, and the length of the storage period 
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(table 3). There was not a significant dif- 
ference between replications. 

When the 2,4-D was mixed into the 
soil prior to storage, the survival of mus- 
tard planted after the storage period was 

TABLE 3 

Survival of must.ard seedlings h days 

AFTER PLANTING IN SOIL THAT HAD PRE- 
VIOUSLY RECEIVED VARIOUS AMOUNTS OF 

2,4~D, either applied to suriaace or 

MIXED INTO SOIL, AND HAD BEEN STORED 
AT DIFFERENT MOISTURE LEVELS FOR 2 AND 

4 w^iEKs. Figures represent number of 

SEEDLINGS THAT SURVIVED FROM TWENTY 
SEEDS PLANTED 


Concentration o f 

Surface af- 

Mixed with 

2,4- D IN 

SOIL 

PLICATION 


SOIL 




Moisture (*' 


Moisture ('f 


Mg /lb. 

•¥' \ 




















2 \ 

10 

20 

30 


10 

20 

30 



2 weeks’ storage 


0,0 

0 

14 

15 

15 

16 

II 

17 

r8 

16 

3-5 

2 

0 

0 

4 

16 

I 

10 

14 

16 

7.0 

4 

0 

0 

2 

12 

0 

3 

17 

15 

17.4 

10 

0 


0 

14 

0 

0 

7 

14 

S2.2 

30 

0 

0 

0 

I 

0 


0 

8 

174.0 

100 

0 


0 

0 

0 

0 

0 

0 



4 weeks’ storage 

0.0 

0 

18 

19 

16 

20 

13 

18 

IQ 

18 

3-5 

2 

1 

II 

18 

20 

0 

18 

18 

20 

7-0 

4 

0 

II 

16 

18 

0 

19 

18 

20 

17-4 

10 

0 

2 

6 

16 

0 

15 

17 

19 

52.2 

30 

0 

I 

0 

13 

0 

I 

10 

19 

174.0 

100 

0 

0 

0 

I 

0 

0 

0 

3 


samples containing 24-!) that had the 
highest soil moisture during storage later 
had approximately 122 times as many 
surviving mustard seedlings as did those 
with the lowest soil moisture. 

Regardless of the conditions used, the 
toxic effects of 24-0 decreased as the 
length of storage increased. The survival 
of mustard in soil containing 24-D that 



Difference required for significance at the $% and 
levels 3.8 and 5.0, respectively. 

14 times greater than when the 24-D 
was applied to the surface of the soil, in- 
dicating that the toxic effects of the 
chemical were reduced as a result of 
mixing. 

A direct relationship existed between 
the soil-moisture levels of the stored soil 
and the inactivation of 2,4-D (fig. 3). The 


J6 50 70 

SOIL TEMPERATURE T. 
DURING STORAGE 

Fig. 2. — Percentage over-all survival of mustard 
in soil which, prior to planting, was stored at 36®, 
50°, or 70® F. Various lots treated with 2,4-!) (2, 4, 
10, 30, or 100 Ib./acre) and stored for o, i, or 2 
months at each temperature. Survival in untreated 
soil for each temperature rated as 100^^- 

had been stored 4 weeks was 2.1 times 
greater than that of seedlings in com- 
parable samples that had been stored for 
only 2 weeks. 

Manure 

Methods.—To test the effect of or- 
ganic matter (cow manure) on the rate of 
inactivation of 2,4-D in soil, the acid was 
mixed with soil low in organic matter. 
Manure was applied to i6-lb. lots of soil 
without 2,4-D at the rate of o, 10,8, 21.6, 
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43. 2 j and 86.4 gni. per lot and also at the 
same rates to soil that had received 

2,4-D at the rate of 124.8 mg. per lot. 
These applications were equivalent to 
manure at the rate of o, 1000, 2000, 4000, 
and 8000 lb. per acre, and 2,4-D at the 
rate of 10 lb. per acre. 



% SOIL MOISTURE 
DURING STORAGE 


Fig. 3. — Percentage over-all survival of mustard 
in soil which, prior to planting, was stored with soil 
moisture content of 2.5, 10, 20, or 30%. Various lots 
treated with 2,4-D (2, 4, 10, 30, or 100 Ib./acre) and 
held for 2 or 4 weeks with maintained moisture lev- 
els. Survival in untreated soil for each moisture level 
rated as 100%. 

• Each 1 6-lb. lot of soil received 400 gm. 
of quartz sand which was used as a dis- 
persing medium for both the manure and 
the 2,4“D. The 2,4-D was first carefully 
mixed with 200-gm. portions of the 
sand ; then this mixture was incorporated 
into each lot of soil. The manure was first 
air-dried to obtain a moisture content at 
which it could be finely ground by means 
of a hand friction mill. It was pulverized 
in this way to facilitate mixing it with the 


200-gm. portions of sand and ultimately 
with the soil. 

Each treated batch of soil was set up 
in duplicate so that the amount of in- 
activation of 2,4-D could be determined 
at two different time periods. After all 
samples had been mixed and brought to 
an optimum moisture content, they were 
wrapped in brown paper and then sealed 
in moisture-proof cellophane bags and 
stored at room temperature. After stor- 

TABLE 4 

Percentage emergence of mustard plants 

8 DAYS AFTER PLANTING IN SOIL CONTAINING 
2,4-D and various AMOUNTS OF MANURE 
COMPARED WITH THAT OF OTHERS PLANTED 
IN SOIL CONTAINING LIKE AMOUNTS OF MA- 
NURE BUT WITHOUT 2,4-D 


Treatment 

Storage period 

2,4-D 

Ib./acre 

Manure 

Ib./acre 

12 days 

2 1 days 

10 

0 

8.6 

0 

10 

1000 

42.0 

41-4 

10 

2000 

33 .-5 

30.6 

10 

4000 

23.4 

37.4 

10 

8000 

0 

0 

0 

0 

78.2 

n-s 

0 

1000 

83.0 

77 -S 

0 

2000 

71-3 

84.0 

0 

4000 

93.6 

85.5 

0 

8000 

70.0 

84.0 


age for 12 days, the soil of each treat- 
ment was potted in four pots, and mus- 
tard seeds were planted to determine the 
rate of 2,4-D inactivation. 

Results. — The rate of inactivation of 

2,4-D mixed with soil low in organic mat- 
ter (without manure added) was rela- 
tively slow (table 4, fig. 4). The addition 
of manure at rates of 1000, 200b, and 
4000 lb. per acre greatly increased the 
rate of inactivation over that of unfer- 
tilized soil, but 8000 lb. per acre resulted 
in a marked decrease in the rate at which 

2,4-D was inactivated. This experiment 
was repeated three times, and results 
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similar to those presented were obtained 
on each occasion. 

Autoclaved soil 

Methods. — An experiment was per- 
formed to observe the effect of autoclav- 
ing soil containing 2,4-D on the inactiva- 
tion of this compound during storage. 


Wooden partitions were inserted in two 
greenhouse flats to form in each twelve 
compartments 6 X 4 X 2| inches. Each 
compartment was lined with moisture- 
proof cellophane and then with brown 
wrapping paper. 

Twenty pounds of composted soil were 
used for each treatment. Treatments 
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consisted in mixing 2,4-D into the ali- Results — The survival of mustard 
quots of soil at rates of o, 4, and 10 lb. owing to the inactivation of, 2,4-D was 
per acre (calculated by surface area of significantl}^ higher in the soil that had 
compartments). After thorough mi.xing, been stored for 2 weeks but not auto- 
aliquots of 2 lb. of the respective mix- claved (fig. 5). The survival of mustard 
tures were weighed into individual com- was not significantly affected by auto- 
partments so that each treatment was claving untreated soil, 
replicated four times in each flat. The 
flats were then watered until optimum Discussion 
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NO^-D 1 4 \ 10 

2,4-D POUNDS 
PER ACRE 

liG. 5. —-.Percentage survival of mustard ii days 
after planting in autoclaved soil and in soil that was 
not autoclaved, both of which had been stored for 2 
weeks with and without 2,4-D. 

moisture for planting was obtained, after 
which both flats were wrapped in brown 
wrapping paper. One of the flats was 
autoclaved for 2} hours at ii4°-ii6°C. 
Upon completion of the autoclaving, 
both flats were wrapped and sealed in 
cellophane to prevent undue changes in 
moisture during storage. After storage at 
^ 5 °- 75 ° F. for 2 weeks, the flats were 
unwrapped, holes punched in the bottom 
of each compartment for drainage, and 
twenty-five mustard seeds were sown in 
each compartment. Survival counts were 
made 1 1 days after the seeds were sown. 


Based on these experiments, prolonged 
toxic effects of 2,4-D in soil would be ex- 
pected in arid regions or where low soil 
moisture prevails (5-10% or below). Soil 
temperatures below about 50° F. appar- 
ently retard the rate of 2,4-D inactiva- 
tion. Aside from soil-moisture effects, it 
might be expected that 2,4-D would per- 
sist for a relatively long period of time 
under field conditions during cold 
weather. 

The presence of organic matter (ma- 
nure) in the soil was also a factor that 
affected the rate of inactivation, but ap- 
parently only in extreme cases, such as in 
the soil that was very low in organic mat- 
ter and that soil to which relatively large 
amounts of manure were added. The 
maximum rate of inactivation of 2,4-D 
resulted in these experiments when ma- 
nure was added at the rate of 1000 lb. 
per acre. The retarding effect on inactiva- 
tion of the larger amounts of manure 
(2000-8000 lb. per acre) cannot be ex- 
plained on the basis of the results ob- 
tained so far. 

Activity of soil micro-organisms seems 
to be associated with the process of in- 
activation of 2,4-D in soil, since its toxic 
effects remained at a high level during a 
period of at least 2 weeks in autoclaved 
soil. In contrast, a large part of the 2,4-D 
in unautoclaved soil stored under the 
same conditions of soil moisture and tem- 
perature was inactivated during the same 
period of time. Factors such as soil mois- 
ture, temperature, and organic-matter 
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content apparently influenced the rate of 
2,4"D' inactivation indirectly, possibly 
through their efl'ect on the growth of soil 
micro-organisms. Some soil microbes are 
apparently able to decompose 2,4-D when 
grown in artificial media containing the 
substance (5). 

Other processes, such as leaching (i) 
and the adsorption or chemical combina- 
tion of 2,4-D with other substances, no 
doubt also play a part in the inactivation 
of 2,4-D in soil. Leaching may result in 
the movement of 2,4-D throughout the 
soil so as to decrease the concentration in 
any one area below the toxic level. Lucas 
and Hamner (4) have showm that 2,4-D 
is very readily adsorbed by activated 
charcoal and have suggested that a simi- 
lar phenomenon may account for the in- 
activation of 2,4-D in soil. It is assumed, 
however, that the inactivation of 2,4-D 
in soil was, in part at least, related to the 
activity of soil organisms and that fac- 
tors that favor this activity also favor an 
increased rate of inactivation of 2,4-D. 

It has been noted that 2,4-D is selec- 
tive in its action regarding certain or- 
ganisms (10) and that nitrate- and ni- 
trite-forming organisms were definitely 
injured by 100 p-p.m. but recovered in 


10-40 days (9). They were more severely 
affected by 500 p.p.m., recover}^ of the 
nitrite organisms not being observed in 
90 days following treatment. 

Summary 

1. The rate of inactivation of 2,4- 
dichlorophenoxyacetic add in soil varied 
according to the moisture content of the 
soil during storage; the highest level used 
(30%) resulted in most rapid inactiva- 
tion. 

2. Inactivation of 2,4-D in soil also 
increased with the temperature at which 
the mixtures were stored, the most rapid 
inactivation occurring at 70° F., the 
highest temperature used. 

3. Applications of 2,4-D that were 
mixed into the soil w^ere inactivated dur- 
ing a shorter period of time than were 
like amounts applied to the soil surface. 

4. Light applications of manure to soil 
low in organic matter materially has- 
tened the inactivation of 2,4-D. 

5. The inactivation of 2,4-D in soil was 
significantly reduced by autoclaving. 

Bureau of Plant Inuustry, Soils 
AND Agricultural Engineering 
Beltswlle, Maryland 
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WEED CONTROL IN SOILS WITH 2 , 4 -DICHLOROPHENOXYACETIC ACID 
AND RELATED COMPOUNDS AND THEIR RESIDUAL EFFECTS 
UNDER VARYING ENVIRONMENTAL CONDITIONS^ 

CARL J. C. JORGENSEN AND CHARLES L. HAMNER 


latroduction 

Previous papers have reported success 
in destroying weed seed in manure, com- 
post, and soil, using various concentra- 
tions of 2,4-dichloropheiioxyacetic acid 
(2,4-D) and employing different methods 
of application (i, 2). Although such fac- 
tors as temperature and moisture have 
been mentioned (5) as having a bearing 
on the action and residual effect of 2,4-D, 
it seemed desirable to attempt more 
nearly to control these and other factors 
possibly affecting the weed-seed kill and 
subsequent retention of 2,4-D and re- 
lated compounds in soils. Furthermore, 
previous investigations have covered a 
rather broad range of concentrations. A 
narrower range was used in the experi- 
ments here described. 

Experimentation 

Application or 2,4-D to Coloma sand 

Procedure. — Trials were conducted 
at Michigan State College, East Lansing, 
between June and September, 1946. Sur- 
face soil was collected from the college 
orchard and was inoculated with a weed- 
seed mixture containing more than twen- 
ty kinds of weeds, grass, and clover. 
x\mong them were such noxious weeds as 
quackgrass repens) , yellow 

foxtail {Set aria lufescens), field sorrel 
{Rumex lamb’s-quarters {Che- 

nopodmm album) campion (xS’f- 
lene laiifolia)^ night-flowering catchfly 
(S. noctiflora), yellow rocket (Barbarea 
vulgaris)^ false {Camelina micro- 


car pa) ^ field peppergrass {Lepidnm cani- 
pestre), yellow trefoil {Trifolium procum- 
bens), evening primrose {Oenothera bien- 
nis), heal-all {Prunella vulgaris), bracted 
plantain {Plantago aristata), huckhom 
plantain {P. lanceolata), ox-eye daisy 
{Chrysanthemum leucanthemum), and 
Canada thistle {Cirsium arvense). In ad- 
dition, the surface soil was later found to 
contain many additional weed seeds; 
among them, crabgrass {Digitaria san- 
guinalis), stink grass {Eragrostis major), 
pigweed {Amaranthus retroflexus), purs- 
lane {Portulaca oleracea), mallow {Maha 
rotundifolia) , wild carrot {Daucus carota) , 
prickly lettuce {Lactuca scariola), field 
sow thistle {Sonchus arvensis), and com- 
mon ragweed {Ambrosia elatior). 

Three chemicals were used in the exper- 
iment. The sodium salt of 2,4-D (so- 
dium 2,4-D) was used at 2, 8, and 16 
p.p.m., calculated on the basis of weight 
of air-dry soil, while the methyl ester of 
2,4-D and the acid were used only at 8 
p.p.m. Inasmuch as the ester and acid 
are not soluble in water, they were first 
dissolved in 95% ethyl alcohol; the solu- 
tions were then diluted with water. To 
incorporate the weed seed and 2,4-D ma- 
terials thoroughly, the soil containing the 
weed seed was turned several times while 
being sprinkled with the aqueous solu- 
tions. Fifty cc. of the weed-seed mixture 
were added to the amount of soil needed 
to fill sixteen greenhouse flats. The pre- 
pared soil was then put into flats and 
watered sufficiently to moisten thorough- 
ly without leaching. 

In order to determine the effect of soil 
temperature on weed-seed kill and subse- 


^ Journal article no. 872 (n.s.), Michigan State 
College. 
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qiient residual effect, the flats were 
placed under four conditions : greenhouse 
temperature (8o°”io5° F.), outdoor tem- 
perature (45°-8 o°F.), storage tempera- 
ture (36° F.), and cold-room temperature 
(o°F.). 

The effect of different soil-moisture 
contents on retention of the toxic effects 
of sodium 2,4-D was determined by 
three treatments: (a) saturation, in 
which the flats were kept veiy moist at 
all times; (b) optimum moisture, flats 
wetted two or three times daily depend- 
ing upon the weather; and (c) air-dry, 
with no application of water until 
planted with test seeds. 

To determine the effect of soil reaction 
on retention of toxic effects of 8 p.p.m. of 
sodium 2,4-D, two series of soil were 
treated — -one with dilute sulfuric acid 
and the other with calcium carbonate — 
to bring the pH values to approximately 
4.5 and 7.5, respectively. In all other 
flats of Coloma sand the pH value was 
approximately 6.0. 

At varying intervals of from i to 8 
weeks after treatment with growth regu- 
lators, designated flats were planted so 
that each contained ten seeds of Golden 
Bantam sweet corn, ten seeds of Little 
Marvel garden pea, and twenty seeds of 
Scarlet Globe radish. These plants were 
chosen since they represent the grass, 
legume, and crucifer families, respective- 
ly, and, in addition, are relatively rapid 
in germination. Each flat was divided 
into four sections crosswise. At the end 
of the desired time interval, the section of 
soil to be planted was loosened, fur- 
rowed, planted, and carefully raked. The 
remaining sections of the flat were not 
disturbed, in order to permit any weed 
seedlings to develop. Before planting, 
flats stored at cold temperatures were set 
out on the greenhouse benches for 24 
hours in order to bring their temperature 


to that of the greenhouse. They were left 
in the greenhouse after planting. The 
outdoor flats were left outside through- 
out the experiments. 

The residua] effects of sodium 2,4-D in 
the soil were also observed on tomato- 
seedling transplants which were planted 
in various flats 4 weeks after treatment 
with the salt. 

Various 2,4-D materials. — During 
the 8 weeks of the experiment weed seeds 
germinated, and the weeds grew rapidly 
in untreated flats in the greenhouse, 
while none appeared in any of the treated 
flats under similar conditions. Corn, 
peas, and radishes planted in the un- 
treated soil all grew vigorously except the 
first planting of radish, in which seed of 
low germination percentage was used. 
Lots with high germination percentages 
were used in subsequent plantings. 

Corn planted i week after treatment 
of the soil with the methyl ester of 2,4-D 
appeared unaffected by the growth regu- 
lator (table i). That planted i week after 
soil treatment with 2,4-D appeared 
slightly affected, and that planted i 
week after soil treatment with sodium 
2,4-D was affected considerably. Most 
frequently the affected sprouts were 
etiolated and showed definite curvature. 
Later, the leaves showed various degrees 
of curling and twisting. Some curled in- 
ward toward the base of blade; others 
showed a yellowing of the tips. Many 
corn seedlings failed to appear above the 
soil surface and, when dug up, had bent 
so severely that the tips were growing 
downward. Dwarfing or no growth was 
found in the case of peas and radish 
planted i week after soil treatment. 

Corn planted 3 weeks after treatment 
of soil grew normally in all flats. Peas 
planted 3 weeks after treatment of soil 
with either the ester or the acid ger- 
minated poorly, while those planted in 
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soil containing the sodium salt did not 
germinate. Similarly, radish failed to 
germinate in both salt- and acid-treated 
soils and germinated poorly in the ester- 
treated flats. 

In plantings 5 and 7 weeks after soil 
treatment, pea, corn, and radish all grew 
satisfactorily with little or no difference 
among treatments, thus indicating that 


taining the methyl ester of 2,4-D under 
optimum moisture conditions. 

Effects of temperature, — Differ- 
ences in growth of test seedlings under 
greenhouse and outdoor temperatures 
(table 2) did not result solely from the 
effect of temperature on the activity of 
sodium 2,4-D during the growth period 
or during the pre-planting period. The 


TABLE 1 


Growth of test seedlings under optimum moisture and greenhouse tem- 
peratures IN soil treated with 2,4-D materlus 
(4"!-+, excellent growth; -f +, fair growth; 4", poor growth; o, no growth) 


Time in- 
terval BE- 
TWEEN 

TREATMENT 

AND 

PLANTING 

(weeks) 

Con- 

centra- 

tion 

USED 

(P.P.M.) 

Methyl ester of 

2,4-D 

Sodium 2 , 4 -D 

2 , 4 -D 

Corn 

Pea 

Radish 

Corn 

Pea 

Radish 

Corn 

Pea 

Radish 

I 

{° 

4*4-4- 

44 - 4 . 

+ + 

+++ 

+ + + 

+ + 

+ + + 

+ + + 

+ + 


\8 

4-4-4- 

0 

0 

+ 

0 

0 

+ + 

+ 

0 

3 ........ 

fo 

4 - 4 . 4 . 

44-4 

+ + + 

+ + + 

+ + + 

+++ 

+ + + 

4 . 44 . 

+++ 


18 

4-f4- 

4- 

+ 

+ + + 

0 

0 

+4-4- 

+ 

0 

5 ....... . 

fo 

4_44- 

4-4-h 

4 . 4 — {- 

+ + + 

+ + + 

+++ 

++ + 

+ + + 

4-44- 


IS 

4 - 4 - 4 . ^ 

4-4- + 

4-4-4- 1 

+ + + i 

+ + , 

+++ 

4-4-4- 

-l-4_4- 

++ + 

7 

fo 

4-F4- 

++ + 

+++ 

+ + + i 

+ + + 

+ + + 

+++ 

+ + + : 

++ + 


\s 

4- 4" 4" 

4 . 4 - 4 . 

i 

4-44- 

4 - 44 - , 

4- -4 4- 

+++ 

4”-f“i- 

4-4--j- 

' 

++ + 


the toxic effect of 2,4-D had been re- 
moved from the soil in some way. 

From these results (table i) it would 
appear that, under conditions of opti- 
mum moisture and greenhouse tempera- 
ture, all three materials are equally effec- 
tive as weed-seed killers in the soil, while 
the ester has an added advantage in that 
its toxic effects disappear from the soil 
more rapidly; soil treated with it can 
thus be planted sooner after treatment. 
Although no attempt was made to test 
the ester or acid under conditions of soil 
saturation, saturated flats containing so- 
dium 2,4-D showed a more rapid dis- 
appearance of toxicity than flats con- 


authors are of the opinion that the better 
performance of corn in the greenhouse in 
the 2- and 3~week plantings may be the 
result of the more nearly optimum tem- 
perature range for germination of corn in 
the greenhouse. Conversely, the better 
performance of peas and radish under 
outdoor temperatures may reflect better 
growing conditions for these cool-season 
crops. It was also noted that the flats 
outdoors dried less rapidly and were 
probably maintained at a higher moisture 
percentage than those in the greenhouse. 
The residual toxicity, as shown by the 
test species, under both greenhouse and 
outdoor temperatures disappeared in 5 



' > ' 


1948] 

weeks for the . i6-p.p.m.. concentration 
and 'in 3 weeks for the 2-p.p.m. concen- 
tration of sodium .2;4-D. 

It was thought best to spread the 
planting tests on flats stored at 36*^ F. 
and 0° F. over a longer period, inasmuch 
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poorer growth of peas, corn, and radish 
resulted than in flats held at greenhouse 
temperature for i week before seeding, 
while flats kept at 0° F. for 4 weeks and 
then brought into the greenhouse and 
seeded showed growth of test plants 
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TABLE 2 

Growth OF test seedlings under optimum moisture and greenhouse and outdoor 

TEMPERATURES AFTER SOIL HAD BEEN TREATED WITH SODIUM 2,4-D AND STORED AT 
OPTIMUM MOISTURE AND INDICATED TEMPERATURES FOR VARIOUS INTERVALS 
(Symbols as in table i) 


Time 

INTER- 


Greenhouse 


Outdoor 


Storage temperature 


VAL BE- 
TWEEN 
TREAT- 
MENT 
AND 
PLANT- 
ING 

(weeks) 

Treat- 

ment 

(P.P.M.) 

TEMPERATURE 
(So®-io3° F.) 

TEMPERATURE 

(45“-So° F.) 

Corn 

Pea 

Radish 

Corn 

I‘ea Radish 


f 0 

4-4.4. 

4.44 

44- 



I 

J ^ 

4 --^ 

-F 

4.4- 




8 


0 

0 





[16 

-F 

0 

0 





f 0 

4.44. 

4 - 4 - 

4 -+-F 

-F-f 

-F-F ’ -F-F-F 

2 


4.4.4. 

4.4 

4 - 4 - 

-F-F 

-F-F-F ' +++ 



4 - 4 - 

0 

0 

-h-F 

*F : -F i 


[16 

4 -F 

0 

0 

-F-F 

+ ; + ' 


f ° 

-F-F-F 

-F 44 . 

-F-F-F 

4 -F 4 - 

4 - 44 - ; +-F-F 

3....... 

2 1 

4 - 4 - 4 - 

4.4.4. 

4.4-4- 

+ -F-F 

4-4-4. i 4.44. 


8 1 

4 --F-F 

0 

0 

-F-F-F 

-F ! -F 4 -F 


I16 ,| 

4 - 4 - 4 - 

0 

0 

+ -F 

4- ' 4-4 


f 0 1 

4-4-4. 

4-44. 

4.44. 

1 444- 

-F+-F : -F-F-F 

4 

i 2 i 

4 -F-F 

I 4 ™ ”1 — |- 

4 _ 4 - 4 _ 

1 -F-F-F 

4 _-]_ 4 - : 4_44 


I 8 

4-4.4. 

4 - 

4.4.4. 

j 4-44. 

4 — [.4_ 1 44-4 


1 [16 

4 - 4 - 4 - 

0 

+ 

4.4.4. 

-F-F ; -F-F 


i f 0 

4 - 4 -F'l 

"F-F-F 

4 - 44 - 

4 - 4 - 4 - 

4.4-4. : 4-44. . 

5 or 6 . . . 

! 2 i 

4 — 1-4. ^ 

4-4.4- 

-h-F-F 

4.4.4. 

; 4-44. 1 44-4 ; 



4.44. 

4-4.4 

4.44. 

-F-F-F 

-F-F-F : -F-F-F ' 


I16 i 

j f 0 

■ 4 -F 4 - 

-F+-F 

4-44. 

! -F 4 -F 

4.44. ' 4.4.4- . 

S or 9 . . . 

i J 2 






i 8 







[16 













{36“ F.) 


(o“ F.) 


Corn Pea Radish ! Corn Pea , Radish 


-+- + + : + + , + + + 

4-+ ■ o j o 

+ + O ; O 


, +++ : 4-++ ; 4-4-4- 


4-4- 


4.4.4.:!= 4.4.4.:!=, 4.44-4:,.. : ; 

4.44. :!=: oH 0=1*; ' 

4.44. ::: o=f=! o'lO. : 

4.44.4: Q=)=| 

-f-f'-Ft 4’4'4“tl 4-4'4-t -f-f4-t 4-+ + + 4 - 4 . 4 .I: 

4-4-4-t oti 4*+t-.. : : 

4-4-4-f ot: of 4-4-t of; of 

4-f4-t ! ■ 


* 6 weeks. 


t 8 weeks 


as in previous experiments a more rapid 
disappearance of toxicity was noted un- 
der higher temperatures. The results ob- 
tained (table 2) confirmed these observa- 
tions, with some exceptions. The rela- 
tively long retention of toxicity from 
sodium 2, 4-D in the soil under freezing 
and near-freezing temperature is defi- 
nitely indicated. When treated flats, kept 
at 36° F. for 3 weeks, were brought into 
the greenhouse and immediately seeded, 


f 9 weeks. 

similar to that in flats stored for i week 
at greenhouse temperatures. Further 
planting tests showed no observable dif- 
ference in the degree of toxicity betw^een 
flats kept for 4 or 9 weeks at 0° F. This 
would indicate a retention of sodium 
2,4-D in the soil for long periods of time 
under subfreezing temperatures. 

Treated flats containing sodium 2,4-D, 
kept at 36^ F. for several weeks, showed 
a very slow disappearance of toxicity. 
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Treated flats held for 8 weeks in storage 
at 36° F. and then placed on greenhouse 
benches and planted with peas, corn, and 
radishes showed that toxicity, although 
still present in the soil, was not so great 
as in soil held for 3 weeks at 36° F. This 
was indicated by better growth of the 
corn and radishes in the 8-week flats. 


mitted satisfactory germination and 
growth of the test plants by the end of 3 
weeks at all pH levels. At 16 p.p.m. the 
toxicity disappeared within 7 weeks. 

Moisture varla,tion.— -In flats con- 
taining sodium 2,4-D in saturated soil, 
the toxicity to test plants disappeared 
much sooner than in the flats kept at 


TABLE 3 

Growth of test seedlings under optimum moisture .and greenhouse temper.atures 

I.N* SOILS OF different PH VALUE TREATED WITH SODIUM 2,4-D AS INDICATED 
(Symbols as in table i) 


Time in- 
terval BE- 
TWEEN 

treatment 

2VND 

planting 

(weeks) 


'£ 5 • 



Ph 6.0 


Radish 

Corn 

Pea 

Radish 

Corn 


+ + + 


-f-f 


+ 


■f 

+ 

+ + 

0 


0 

0 

+ + 

0 

+ 

0 

0 


_j — j — 1 _ 

+++ 

+++ 

■f + + 

“I-- "j- "f" 

4*4‘4- 

+++ 

++-f 

-F-h-f 

4-4“h 

0 


0 

0 


0 

+++ 

0 

0 

4-4+ 

+++ 

+ H — h 

■}-• + + 


+ + + 

++4- 

+4-+ 

+-f+ 

-J — 

444 


+++ 

"f -{“4- 

44'~i- 

+++ 

"l“4- 

4-4-4- 

-f-j — h 

-f+H- 

+++ 

+-f+ 

■f -f-f- 

-f + + 

+++ 

+++ 

+ -i — h 

-f"f+ 

+ + + 


- 1 - 4 . 4 . 

+ + -f 

+-f+ 

+ + + 

-f-f-f 

444 


4- -44- 

+ -f-f 

++-f 

+++ 


Peas in the latter planting, however, 
failed to germinate. 

Effects of soil REACTiON.—Results 
of this experiment were rather striking. 
The reaction of the soil had little influ- 
ence on the loss of toxicity in soil treated 
with sodium 2,4-D (table 3). The minor 
growth differences in the soils at the 
three pH levels indicate that the toxic 
effects of sodium 2,4-D disappear slightly 
faster in near neutral or alkaline soils. A 
treatment of the soil at 2 p.p.m. per- 


optimum moisture, while in those flats 
stored under air-dry conditions, very 
little toxicity was lost, as indicated by 
the subsequent poor growth of pea and 
radish (table 4). Flats containing sodium 
2,4-D in the soil under air-dry conditions 
showed little loss of toxicity during 8 
weeks. Plantings after 8 weeks of storage 
were as much inhibited as those after 4 
weeks. Germination of test seeds was 
unimpaired in flats which had been 
stored for 3 weeks at saturation level. 
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while S weeks were required in the op- 
timum-moisture flats to allow complete 
loss of toxicity to all the test species in 
the 8- and i6-p.p.m. flats. In flats con- 
taining 2 p.p.m. of sodium 24-D ger- 
mination and growth were satisfactory 
after 3 weeks of storage under either 
treatment. In figures i and 2 the better 
growth of plants in the soil maintained at 
saturation is shown as compared with the 
soils kept at lower moisture content. The 


retention of toxicity , in the flats stored 
air-dry (fig. 3) is also rather striking, 
since corn was the only test plant able to 
germinate at any concentration of the 
growth-regulator, even after 8 weeks of 
storage. 

Weed growth in treated and un- 
treated SAND.—Control flats, during 
the period of the experiment, were ex- 
tremely weedy, with a few species pre- 
dominating. These were pigweed, stink 


TABLE 4 

Growth of test seedlings under greenhouse temperatures in soil treated with sodium 
2,4-D and subjected to different moisture conditions as explained in text 

(Symbols as in table i) 


Time in- 
terval BE- 
TWEEN 

TREATMENT 

AND 

PLANTING 

(weeks) 

Treat- 

ment 

(p.p.m.) 

Saturation 

Optimum motsti'rii 

Air-dry 

Com 

Pea 

Radish 

Corn 

Pea 

Radish 

Corn 

Pea 

Radish 


f 0 

+ + + 

444 

44 

444 

444 

44 




I 

j 2 

+ 

4 

4 

444 

+ 

-j- 





1 8 

4.-1- 

0 

0 


0 

0 





[16 

+ 

0 

0 

+ 

0 

0 





f ° 

H — 

++ 

444 

+ + + 

+ + 

+ + + 

+ + + 

+ + 

+ + + 

0 , 

1 2 

+++ 

44 

+++ 

+ + + 

+ + 

+ 

+ + + 

0 

0 


1 s 


H-H- 

+++ 

+ + + 

0 

0 

+ 

0 

0 


[16 

++ + 

+ 

++ 

+ + 

0 

0 

+ 

0 

0 


f 0 

444 

+++ 

444 

444 

4 ++ 

+ + + 




3 


444 

444 

444 

444 

444 

444 





1 8 

444 

444 

444 

444 

4 

4 + 



........ 


[16 

444 

444 

444 

444 

0 

+ 





f 0 

++ + 

+++ 

+++ 

4 ++ 

+++ 

+ + + 

+ + + 

+ + + 

444 

4 

J 2 

+++ 

++ + 


+++ 

_j — [-4 

+ + + 

+ + + 

0 

0 


1 8 

+++ 

+++ 

4 -+ 4 - 

+++ 

++ 

+ + + 

+ + + 

0 

0 


lr6 

++ + 


+ 4-4 

+++ 

++ 

+ + + 

+ + + 

0 

0 


f 0 

444 

444 

444 

444 

+++ 1 

444 1 





2 

444 I 

444 

444 

+++ 

+++ i 

+ + + i 





1 8 

444 

444 

444 

+++ 

444 

+ + + i 





[16 

444 

444 

444 

+++ 

+++ 

444 





f 0 

444 

+++ 

+++ 

+++ 

+++ 

+ + + 

+ + + 

+ + + 

444 

6 

J:,2' 

+-h+ 

+++ 

++4 

4 ++ 

+++ 

+ + + 

_i — j — j- 

0 

0 



+++ 

+ 4 -h 

+++ 

+++ 

+++ 

+ + + 

+++ 

0 

0 


[16 

444 

+++ 

+44 

+++ 

+++ 

+ + + 

+++ 

0 

0 


f 0 

444 

+++ 

++4 

+++ 

+++ 

+ + + 

+++ 

+ + + 

+++ 

8 ,. ..... .. 

1 2 

+++ 

444 

+++ 

+++ 

+++ 

+ + + 

+++ 

0 

. . 0, 


8 

+++ 

++ 4 - 

++4 

+++ 

+++ 

+ + + 

+++ 

0 

0 


1 x6 , . 

+-I-+ 

+++ 

++4 

+++ 

-j — j — j- 

+ + + 

+++ 

0 

0^ 





’ ' ’ i’r 5 ^ ' 
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grass, ragweed, lamb’s-quarters, plan- 
tain, yellow rocket, and crabgrass. Con- 
siderable red, alsike, and white clover, 
alfalfa, and sweet clover also germinated. 

In the flats treated with 2 p.p.m. of 
sodium 2,4-D, an estimated 2% of weed 
seed germinated and grew; the flats con- 
taining 8 and 16 p.p.m. of sodium 2,4-D 
were entirely weed-free. Among those 
weeds observed to resist the 2-p.p.m. 
treatment were stink grass, red and 
alsike clover, dock, pigweed, lamb’s- 


Fig. 4. — Relative growth of weeds in Goloma sari 
rates of (lefi to right) 2, S, and 16 p.p.m. 

quarters, yellow rocket, campion, and 
plantain. Figure 4 shows the relative 
growth of weeds 4 weeks after soil treat- 
ment in flats left in the greenhouse. Simi- 
lar results of soil treatment were noted 
when flats had been placed under out- 
door temperature conditions. 

Miscellaneous observations.^-To- 
mato seedlings transplanted 4 weeks af- 
ter soil treatment into flats containing 
sodium 2,4-D at 2, 8, and 16 p.p.m, 
grew normally in flats stored under nor- 
mal greenhouse and outdoor conditions. 
When planted in treated flats which had 
been kept air-dry or at low temperatures 
and then brought to greenhouse condi- 
tions, growth was inhibited or the plants 
showed stem curvature and, in most 
cases, death. It would appear that young 
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tomato transplants are considerably 
more resistant to sodium 2,4"D than are 
the other young weed and crop seedlings 
in the tests. 

Although 8 and 16 p.p.m. of sodium 
2,4-D in soil effectively prevented ger- 
mination and growth of weeds and test 
plants under many conditions, the au- 
thors observed mushrooms growing nor- 
mally in otherwdse plant-free flats. These 
were principally the cup iSarcascypha) 
and gill-cap {MarasmiMs) types. 


4 weeks after soil was treated with sodium 2,4-D at 

Application of sodium 2,4-D to muck 
Trials on muck were conducted in a 
lesser way. Surface muck was collected 
from the Michigan State College muck- 
trial plots, inoculated with the weed-seed 
mixtures used in the previous experi- 
ment, and treated with sodium 2,4-D at 
a concentration of 8 p.p.m, only. Tem- 
perature and moisture were the only two 
variables tested. In addition to the weed 
seed added, the muck was later found to 
contain many weeds— among them crab- 
grass, nut grass {Cyperus esculentus), 
wormseed mustard {Erysimum cheiran- 
thoides)^ lady’s-thumb {Polygonum persi- 
^ran’a), witchgrass {Panicum capillar e), 
sow thistle, rough cinquefoil {Potentilla 
normgica)p2cad. hound's- tongue {Echium 
vulgare) . ThQ flats containing muck were 
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placed on the benches along with the 
sand flats and given the same general 
treatment. 

Although 2 p.p.m. of sodium 2,4-D 
were very effective in destroying weed 
seeds in Coloma sand, 8 p.p.m. applied 
to muck resulted in little, if any, inhibi- 
tion of weed growth. Furthermore, plant- 
ings of corn, peas, and radish in treated 
muck under all variations of temperature 
and moisture germinated well, and the 
seedlings appeared normal. One excep- 
tion was a slight curvature of corn 
sprouts in flats kept at 36"^ F. and 0° F., 
for 3 and 4 weeks, respectively, and then 
planted. This effect disappeared rapidly, 
and the plants then grew normally. 

The muck controls predominated in 
such weeds as nut grass, wormseed mus- 
tard, sow thistle, lady’s-thumb, crab- 
grass, witchgrass, rough cinquefoil, and 
hound’s-tongue. The treated flats con- 
tained the same quantity and distribu- 
tion of weeds as the controls, attesting to 
the lack of inhibitory effect of the chemi- 
cal. Both controls and treated flats con- 
tained numerous clover plants of several 
kinds. 

It has been reported by Lucas and 
Hamner (4) that activated charcoal may 
inactivate 2,4-D. Certain muck soils, un- 
der certain conditions, may also appar- 
ently inactivate sodium 2,4-D. 

Discussion 

Of the three 2,4-D materials tested, no 
great differences in the degree or per- 
sistence of their toxicity could be ob- 
served in soils kept at optimum moisture 
and greenhouse temperatures. The meth- 
yl ester of 2,4-D permitted subsequent 
plantings a little sooner than either the 
acid or the sodium salt. This probably 
resulted from the volatilization of the 


ester under the high greenhouse tempera- 
tures. Under watering conditions per- 
mitting leaching, the acid and salt would 
no doubt disappear sooner also. The 
three compounds were equally effective 
weed-seed killers at 8 p.p.m. in sand and 
permitted normal subsequent plantings 
within 5 weeks. 

Under all treatments and concentra- 
tions, corn was more able to resist the 
toxic effects of 2,4-D materials than were 
pea or radish. This substantiates pre- 
vious statements that grasses as a group 
are more resistant than dicotyledons, 
both to selective herbicidal 2,4-D sprays 
above ground and to treatments incor- 
porating such chemicals in the soil. The 
rapid germination and sensitivity of 
radish seed would indicate the feasibility 
of using it as an indicator plant under 
greenhouse or outdoor conditions. 

The storage of treated flats at tem- 
peratures of 36"’ F. and o'' F. resulted in 
retention of toxicity of sodium 2,4-D for 
long periods of time as compared with 
flats subjected to normal outdoor and 
greenhouse temperatures during sum- 
mer. 

Toxicity from sodium 2,4-D was dissi- 
pated rapidly under high soil moisture 
conditions and in air temperatures rang- 
ing from 50° to 80" F. This was prob- 
ably a twofold action. Leaching action 
undoubtedly removed some of the chemi- 
cal (3). Also, under these high moisture 
and temperature conditions, the micro- 
bial population increased rapidly, and it 
is possible that the 2,4-D compounds 
were broken down by soil micro-organ- 
isms. The fact that air-dry flats retained 
their toxicity for a long time would indi- 
cate the need for caution in using these 
materials during periods of drought. 
Should the methyl ester of 2,4-D be used 
under such conditions, it is conceivable 
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that it would volatilize at high tempera- 
tures without effecting a weed-seed kill. 
Indications are that, with any 2,4-D ma- 
terial used, a high moisture content of 
the soil should follow its application, 
either by natural or artificial means, in 
order to permit early use of the soil. 

The results obtained with 8 p.p.m. of 
sodium 2,4-D on muck are somewhat in- 
consistent with earlier findings (2), since, 
in this experiment, weeds were not con- 
trolled. It is generally believed that sub- 
stances adhering to colloidal surfaces are 
unavailable to plants under many condi- 
tions. Also, populations of micro-organ- 
isms are much greater in organic soils, 
and, if these use 2,4-D for food, it would 
naturally disappear more rapidly. Fur- 
ther experimentation may show the cor- 
relation between percentage of organic 
matter and inhibition of weed and crop 
growth in soils treated with 2,4-D ma- 
terials. 

Finally, the experiment would point to 
the following practical applications, (a) 
Soils of a sandy nature can be made 
weed-free . for subsequent plantings by 
the addition of low concentrations of 

2,4-D materials under outdoor or green- 
house conditions, (b) Because of the low 
concentrations necessary, the cost of ma- 
terials for gardens and acreages would 
not be prohibitive; 2 p.p.m. would cor- 
respond to 2 pounds per acre to a depth 
of 3 inches. (<;) The materials can be 
readily put into solution and evenly dis- 
tributed. 


Summary 

1. In Coloma sand an application of 
2 p.p.m. of the sodium salt of 2,4- 
dichlorophenoxyacetic acid (sodium 2,4- 
D) killed from 95% to 98% of all weed 
seed present in the soil, while 8 or 16 
p.p.m. made the soil virtually weed-free. 
Seeds of weedy grasses were killed in 
sand with concentrations of 8 and 16 
p.p.m. of sodium 2,4-D. 

2. There were no appreciable differ- 
ences in weed-seed kill by the acid, the 
sodium salt, or the methyl ester of 2,4-D 
applied to Coloma sand. 

3. Higher temperatures resulted in 
disappearance of toxicity of sodium 

2,4-D from the soil more rapidly than did 
freezing or subfreezing temperatures, 
while the compound was equally effective 
as a weed-seed killer under all these tem- 
peratures. 

4. Differences in pH value of Coloma 
sand did not appreciably affect the rate 
of loss of toxicity under the conditions of 
the experiment. 

5. In water-saturated flats, sodium 

2,4-D apparently disappeared in 3 weeks, 
while in air-dry flats toxicity was still 
present after 8 weeks. 

6. Eight p.p.m. of sodium 2,4-D were 
ineffective in killing weed seeds in muck. 

7. Corn was more highly resistant to 

2,4-D materials under all conditions than 
either pea or radish. 

Department or Horticulture 

Michigan State College 

East Lansing, Michigan 
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USE OF 2 ,, 4 -DICHLOROPHENOXYACETIC ACID HERBICIDES 
ON SOME WOODY TROPICAL PLANTS^ 

KENNETH V. THIM:4NN 


Introduction 

A large number of recent papers have 
described the use of substances of the 
auxin type to kill herbaceous weeds such 
as dandelion, mustard, water hyacinth, 
etc. (i, 3, 4, 7, 9), but few have dealt 
with woody plants. Many important 
weeds are woody perennials. This is par- 
ticularly true of southern and tropical 
climates. The rapid growth rate of plants 
in the tropics makes successful weed con- 
trol of the greatest importance there 
(10,11). 

In Cuba the most serious weed is 

Aroma marabu” (Dichrostachys nutans 
Benth.), a woody leguminous perennial 
(introduced from Africa some 70 years 
ago) which grows into almost impene- 
trable thickets about 12 feet high, ex- 
tremely thorny and resistant. When cut 
down, the plants grow vigorously from 
the stumps and soon re-establish them- 
selves; it is common practice to cut the 
plants back to the stumps two or even 
three times a year. The writer has seen 
plots in which the plants have been cut 
back in this way three times a year for 1 7 
years; they still grow vigorously. The 
root systems are extensive and give rise 
to shoots at considerable distances from 
the parent plant. It was thought worth 
while, therefore, to investigate the sus- 
ceptibility of these plants to 2,4-dichloro- 

^ Pubiication no. i, journal series, from the At- 
kins Garden and Research Laboratory of Harvard 
University, Soledad, Cienfuegos, Cuba, at which the 
experiments were carried out. The author’s thanks 
are due to Dr. Arthur G. Kevorkian, Director, for 
his helpful co-operation and assistance and for ex- 
amining some of the treated plants after the author’s 
departure. 


phenoxyacetic acid (2,4-D). At the same 
time some observations were made on 
^^Guao’^ {Comocladia dentata Jacq.), a 
member of the i\nacardiaceae whose 
leaves cause a skin irritation like that 
caused by poison ivy, and which is also 
difficult to eradicate by cutting. 

It is hard to assess the killing of a 
woody plant. Curling of young tips is, of 
course, only evidence of auxin entry; 
even defoliation is evidence only of 
toxicity and not of death. Failure of new 
buds to develop from the root crown 
within a reasonable period is prima facie 
evidence of death, but even this cannot 
be relied on, particularly in plants with 
great powers of regeneration. What fol- 
lows is, therefore, in the nature of a 
preliminary report. 

Material and methods 

The following points seemed impor- 
tant to investigate: the concentration re- 
quired, the relative effectiveness of dif- 
ferent preparations, the influence of time 
of day, sun and shade, and the possibility 
of large-scale application. 

For the sodium salt of 2,4-D, ^^2,4- 
Dow,'’ containing 70% of the acid in salt 
form, was used in aqueous solution; for 
the ester, “Weedone,’' containing 9.6% 
of the acid in ester form, was used.^ In 
one instance the free acid (tech, grade) 
was used in aqueous solution with 0.5% 
Carbowax 1 500, Spraying was done with 
an ordinary 3-gallon knapsack sprayer 
and later with a 50-gallon track-mounted 

=* The author wishes to thank the Dow Chemical 
Company and the American Chemical Paint Com- 
pany for generous samples of their products. 
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• container and .a powerful hydraulic 
pump.‘^ 

The plants, both Aroma. and Giiao, 
consisted of vigorous i year's growth 
from old stumps; they were i~2 feet high 
and 2~4 feet in diameter. Although it was 
the dry season (February and March), 
all were growing reasonably well. 

Since it would be unpractical to carry 
out experiments in sequence if one had to 
wait for evidence of killing, some pre- 
liminary criterion of toxicity was neces- 
sary. Leaf discoloration was used for this. 
Since each plant consists of a number of 
long stems, each with up to twenty-five 
leaves, the leaves on each stem were 
checked for (a) clear-cut yellowing and 
(b) obvious death (brown and dry) . The 
percentage of leaves in these two condi- 
tions was determined for each stem, and 
then the values for the stems were aver- 
aged to give a final number for the plant 
as a whole. Counts of this sort were made 
at periods up to 3 weeks after spraying. 
Thereafter plants were classified as: (i) 
apparently killed; (2) some green leaves 
but no growing points present, i.e., 
doubtful; (3) growing points present or 
probably so; and (4) plants essentially 
intact or evidently alive. With the Guao, 
groups (2) and (3) could be substituted 
by (2) seriously, and (3) slightly dam- 
aged, respectively. 

Experimentation 

Aroma 

Influence of coNCENTRAxiON.—It 
was clear from the literature that the con- 
centrations needed would be above i 
gm./L In the first experiments the effec- 
tiveness of a concentration of 2 gm./L was 
compared with that of 3 gm./L This was 
done with the sodium salt (2,4-Dow) 

5 Contributed by the Compahia Azucarera de 
Soiedad, to whose staff the author’s thanks are due 
for their most helpful co-operation. 
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which, being 70% 2,4-D acid, was used at 
2.8 and 4.3 gm./'L, respectively. Twm gal- 
lons were used for about 400 square feet. 
Results are given in table i. The greater 
toxicity of the higher concentration is 
quite clear. 

Influence of double spraying. — 
The same patch was divided in half, and 
5 days after the first spraying one half 
was sprayed a second time, using i gallon 
for about 200 sq. ft. Table i shows that 


the second spraying greatly increased the 
effectiveness but that the results w’-ere al- 
most exactly the same as with one spray 
at 3 gm./L A single spraying at 3 gm./l. 
was therefore decided on as the basic 
treatment. 

Influence of sun and shade.— T o 
determine whether the rapid discolora- 
tion of leaves was a function of exposure, 
an area of 280 square yards was divided 
into quarters; three of the quadrants 
were in full sun, the fourth was largely 
shaded during the morning. One of the 
sunny quadrants was sprayed on the un- 
derside of the leaves only, by holding the 
nozzle underneath the plant, pointed up- 
ward. The imperfections of such a com- 


TABLE i 


Influence of concentration and 

NUMBER OF SPRAYINGS 



7 D.\YS .\FTER 

SPR.^YING 

12 D.V 

iS, .4FTER 

SPRAY INC 

FIRST 


2 gm./l. 

3 gm./l. 

2 gm./l. 

3 gm./l. 

Sprayed 
twice. * 
2 gm./l. 

% of leaves 
yellowed. . . 

34 

65 

72 

94 

77 

1 

94 

% of leaves 
killed 

3 ^ 

5 

32 

74. 

No. of whole 
plants 
counted — 

25 

16 

7 

17 

j 

9 


Second spraying 5 days after first. 


1 
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giving about 89 gallons per acre. The ef- 
fect was much more rapid: 7 days after 
spraying the percentage of leaves dis- 
colored was 99 and of leaves obviously 
killed about 77. Later observations are 
discussed below. 

Influence of Carbowax. — ^The ear- 
lier experimenters in the United States 
used the free 2,4-D acid and employed 
various preparations to promote its solu- 
tion in water. Of these, Carbowax 1500, 
a polyethylene glycol, was selected, be- 


TABLE 2 

Influence of light and shade 
(3 gm. 2,4-D/I.) 


. 

7 DAYS AETER SPRAYING 

I 2 D. 

tYS AFTER SPRAYING 


Sprayed on top 

Sprayed on 
underside 

Sprayed on top 

Sprayed on 
underside 


Full 

sun 

Shade 

(A.M.) 

Sun 

Full 

sun 

Shade 

(A.M.) 

Sun 

% of leaves yellowed 

% of leaves killed. 

No. of whole plants counted. . 

63 

5 

9 


68 : 

3 i 

7 

95 

86 

9 

92 

68 

8 

94 

69 

5 


killing of the leaves is at least promoted 
by heat effects. Weaver and DeRose 
(12) found that bean plants treated with 
a single drop of 2,4-D solution showed 
more growth inhibition in sun than in 
shade, which in general agrees with this 
conclusion. It should be noted that the 
figures for full sun (table 2, first and 
fourth columns) show very good agree- 
ment with those of table i, which also 
refer to plants in full sun. 

Comparison of salt and ester 
preparations. — ^An area comparable 
with the others and of about 150 square 
yards in full sun was sprayed once with 
a 2,4-D ester preparation (Weedone), 
also at a concentration of 3 gm. 2,4-D/l. 
Two and three-fourths gallons were used, 


TABLE 3 

Influence of Carbowax 1500 in spray 
(3 gm. 2 , 4 -D/I. as sodium salt) 



7 DAYS AFTER SPRAYING* 


With Carbo- 
wax (0.5%) 

Without 

CarboAvax 

% of leaves yellowed . . 

96 

65 

% of leaves killed 

18 

■ 3 '■ 

No. of whole plants 
counted. 

II 

16 


Plants in full sun. 


cause preliminary experiments indicated 
that, although it was not needed when 
the sodium salt is used, it had some value 
as a spreader and perhaps as an adherent 
to the leaves. Ennis and Boyd (2) found 


parison are obvious, but it was felt that 
any really important difference would be 
readily detected. Spraying was done in 
the morning with the sodium salt at 3 
gm. 2,4-D/l.; 8 gallons were used — -about 
130 gallons per acre. Table 2 shows that 
the plants in partial shade and those 
sprayed on the underside were slightly 
less affected after 12 days than those 
sprayed on the top in full sun. Although 
the difference is small, it is probably sig- 
nificant and supports the idea that the 
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that Carbovvax increased the toxicity of 
2,4-D on kidney beans but not on soya. 
Another patch of Aroma comparable 
with the others was therefore sprayed 
with 2,4-Dow (at 3 gm. 2,4-D/l.) con- 
taining 0.5% Carbowax 1500. Results 

TABLE 4 

Apparent killing of Aroma after 

I AND 2 MONTHS 


Plants of tables i and 2 

Single 

spray* 

i%) 

Two 

sprays, 

5 days 
apart* 
i%) 

After I month: 1 

I. Apparently killed 

18 

76 

2. Doubtful but no sign of 
growth 

61 

^ 16 

3. Probable new growth from 
base 

18 

' 8 

4. Little affected 

3 

0 

After 2 months: 



Total % alive 

9 

2 


' 1 ' 2 gm. 2,4-D/L as sodium salt. 

(table 3) showed a clear increase of effec- 
tiveness, and this was borne out in later 
stages. 

Observations on apparent killing, 
— Tables 4 and 5 show the state of the 
plants 3, 4, and 8 weeks after the treat- 
ment. The four classes mentioned in the 
Introduction were used. Class 2, the 
doubtful cases, bears too many green 
leaflets to be considered killed, but most 
of these were evidently dying as shown 
by the small numbers of plants appar- 
ently alive after 2 months. Table 4 shows 
the larger kill resulting from a second 
spraying with 2 gm./L These data would 
be roughly comparable with the first col- 
umn of table 5 except that the latter 
plants could not be observed after 4 
weeks; between the third and fourth 
week some plants would pass out of the 
doubtful into the killed class. Taking this 
into account, the double spray at 2 gm./l. 


appears slightly more effective than the 
single one at the higher concentratioii. 
As between the three lots in table 5, 
Weedone would appear most effective 
except for the condition of the new 
growth; it is possible that the Ytry rapid 
browning of the leaves and defoliation 
caused by this material leads to less com- 
plete penetration to the basal growing 
points. On balance, the salt plus Car- 
bowax may be considered (by a small 
margin) the best treatment for killing 
these plants. 

To determine how rapidly new shoots 
would be expected from the base if only 
the tops had been killed, some intact 
plants, of the same type as those treated, 
were cut back to the base.^ These showed 
new bud development in 5-7 days and 

TABLE 5 

Apparent killing of Aroaia after 

3 WEEKS AND AFTER 2 MONTHS 


Plants of tables 

3 and 4 

As SALT 

( 2 , 4 -Do\V)* 

Plus 

. . Carbo- 

Alone 

0-5 70 

i^ro) 

As 

ESTER 

(Wee- 

bone)* 

After 3 weeks: 



1. Apparently killed 

2. Doubtful but no 

62 87 

94 

sign of growth . . . 

3. Probable new 

30 12 

2 

growth from base 

5 it 

At 

4. Little affected. . . 

3 0 

0 

After 2 months: | 

Total % alive \ 

! 

2 1 I 

5 


* 3 gm. 2,4“D/L 
tWeak. 


t Vigorous. 


produced an average of 1 1 .4 new branches 
within 2 weeks; wdien watered as well, 
the average was 18.2 branches per plant 
in 2 weeks. Failure to produce any new 
shoots in 4 weeks after treatment with 

4 Observations kindly made bv Dr. KEVORKrAN. 
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24-D is therefore very strong evidence of 
death. ■ 

Trials on a larger scale, using 50 gal- 
lons at a time, have been carried out with 
the same preparations on plants of about 
the same size and also some which had 
not been cut back and were 10-12 feet in 
height. The results were very much as 
above. After 2 months a few plants in the 
large-scale experiments showed sprouting 
from the roots, not at the base but at 
some distance from the treated parts; in 


TABLE 6 

Variation of stomatal opening in 
Aroma with time of day 


Time 

Percentage of stomata ! 

1 

Total 

FRAC- 

TIONAL 

OPENING 

Closed 

Nearly 

closed 

Well 

open 

Fully 

open 

7 ;oo A.M.* . 

20 

. 

10 

20 

SO 

0. 66 

9:30. 

0 

15 

14 

7 T 

.84 

1 : 15 p.M. . , 

0 

0 

II 

89 

•97 

2 ; 45 -.- •■■■ 

50 

20 

10 

20 

•31 

3:45 

61 

28 1 

II 

0 ' 

.14 

4:00 ... 

3S 

42 

16 

4 ^ 

.24 

6 :ist 

1 

23 

31 

38 

8 

0.41 


* Twenty minutes after sunrise; clouds, 
t Sunset. 


other words, the material was not well 
transported along the extended and 
woody horizontal roots. This type of new 
growth has not yet been observed on the 
smaller plots described above. 

Observations on stomatal opening. 
— It was shown in table 2 that plants 
sprayed on the underside of the leaves 
showed no increased susceptibility. Since 
the proportion of stomata on the under- 
sides and upper sides of Aroma leaves is 
about 5:1, this suggests that the stomata 
do not play a major part in penetration 
of the spray. The negative results of 
Weaver and DeRgse (12), who simi- 
larly found no difference in the growth 
inhibition (not killing) of nasturtium 
when sprayed on the upper sides and un- 


dersides, although stomata are limited to 
the underside, agree with this finding. 
Nevertheless, it w^as thought worth while 
to investigate the stomatal opening of 
Aroma for the following practical reason: 
the stomata may not provide the only 
path, but they must certainly provide 
the most rapid path of entry. If, there- 
fore, the plants are sprayed during stom- 
atal closure and subsequently exposed to 
heavy rain, much of the spray may be 
lost before penetration. Spraying at the 



Fig. I. — Stomatal opening of Aroma in Atkins 
Garden on clear days. Solid line indicates “average 
fractional opening” (see text); dotted line gives 
fraction of stomata which were fully closed. March, 
1947 - 

time, of maximal stomatal opening would 
therefore be the safest procedure. 

The condition of the stomata was ex- 
amined by the peel method (5), using 
plants growing in the open in full sun. 
The leaflets were cut in half, and with 
fine tweezers fragments of the upper and 
lower epidermis were quickly stripped off 
and dropped into absolute alcohol. This 
procedure was used by LoEXFiELD (6), in 
his extensive field studies on this subject, 
with good results. The peels were ex- 
amined later under the microscope and 
assigned to arbitrary classes as to extent 
of opening. Observations were made on 
three successive days, but with the excep- 
tion of the 7 : 00 A.M.. reading, the sky was 
clear throughout and the weather dry. 
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The results (table 6 , fig. i) show that 
the stomata open rapidly after sunrise 
and close sharply in , the afternoon, to 
open again, at least partially, in the eve- 
ning. The fractional opening given in the 
last column of table 6 is an approximate 
figure obtained by arbitrarily assigning 
the numerical values of o, 0.2, 0.7, and 
i.o, respectively, to the stomata in the 
four classes given. Such behavior is simi- 
lar to that recorded for other plants in 
dry weather — Verbena and Fouquieria 
(5), alfalfa (6), and orange (8)~although 
almost every possible pattern of opening 
and closing has been recorded. From the 


liillside pasture. Three gallons were used 
on about 3000 square feet which was, of 
course, by no means completely covered 
with Guao; this amount sufficed tO' w^et 
all the leaves. 

Table 7 compares the two treatments. 
The classification used differs from that 
for Aroma, but, since these plants are 
more compact and have fewer leaves, it 
was easier to obtain an idea of the extent 
of damage than with xA.roma. If we take 
the first two classes together, it is evident 
that the free acid (although its concen- 
tration was 20% lower) is at least twice 
as effective as the salt on these plants. 


TABLE 7 

Effect (percentage of plants) of single application of 2,4-D as salt, 

FREE ACID, OR ESTER ON GUAO 



S WEEKS 

5 WEEKS j 

8 VtTSEKS 


Estek 


Salt 

Acid 

Sait 

Acid 

Salt 

Acid 

I week 

! 

j 3 weeks 

6 weeks 

I. Apparently killed 

1 

2 

22 

15 ^ 

51 

22 

49 

42 

33 : 

75 ' 

2. Seriously injured or dying 

15 

22 

16 

23 

24 

18 

47 

3 : 

2 

3, Somewhat damaged 

36 

26 

36 

21 

30 

18 


! 10 ' 

13 

4. Apparently intact 

47 

30 

33 

5 

1 

24 

i 5 

2 

3 

10 

j 


viewpoint of spraying for penetration, 
the results indicate that early morning 
(after dew has dried) would be optimal. 

Guao 

The problem with Guao is somewhat 
different. The leaves of this plant are 
glabrous and shiny, indicating that pene- 
tration would be difficult. Further, they 
hang almost in a vertical plane, so that 
ordinary sprays run off quickly without 
time to dry on. To overcome the penetra- 
tion difficulty, a spray was made up using 
the free 2,4-D acid with 0.5% Carbowax; 
the maximum that could be put into so- 
lution in this way was 2.3 gm./l. This 
was compared with the sodium salt at 
2.8 gm./l. (i.e., 2,4-Dow 4 gm./l.) in two 
comparable plots, in full sun on a stony 


Since it is inconvenient to make up 
solutions of the free acid in high concen- 
tration, other preparations were used. 
It was found that Weedone (ester form), 
because of its oily nature, adhered to the 
leaves, and, instead of running off, hung 
in a sticky drop at the tip of the leaf. 
Table 7 shows that, as with Aroma, its 
effect is much more rapid than that of the 
salt or acid, the percentage of plants ap- 
parently killed being greater in i week 
than with the other treatments in 3 
weeks. The later observations also show 
much greater toxicity of Weedone. After 
6-8 weeks, both above-ground parts and 
roots were soft and apparently rotting in 
the plants of class i, so that these can be 
considered as killed, in spite of the fact 
that all these plants were propagated 
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from stumps of several years’ growth and 
had heavy and woody stems. 

The apparent slight improvement of 
the plants at the 8-week count is prob- 
ably due to sampling error. Not less than 
250 plants were counted for each deter- 
mination, but the assignment to the four 
classes is obviously open to some varia- 
tion. 

In the absence of a more extensive in- 
vestigation it is clear that this plant can 
be at least partially eradicated by the 
ester type of spray. 

Summary 

1. The herbicidal effectiveness of 2,4- 
dichlorophenoxyacetic acid (2,4~D) has 
been tested on Aroma marabu {Dichro- 
stachys nutans) and Guao {Comocladia 
deniata), two perennial and highly re- 
sistant woody weeds of Cuba. 

2. As judged by criteria based on rapid 
defoliation and on ultimate apparent 
killing, a single spraying with 2,4-D in 
the sodium salt or ester form, at a con- 


centration of 3 gm./l., or two sprayings 5 
days apart at 2 gm./L, were almost com- 
pletely herbicidal on Aroma. 

3. Little, if any, regrowth of basal buds 
took place within 2 months of spraying, 
although controls which were cut back 
regenerated rapidly. There was some evi- 
dence of new growth from horizontal 
roots, however. 

4. Addition of 0.5% Carbowax defi- 
nitely increased the toxicity of aqueous 
2,4-D sprays. 

5. With Guao, ordinary sprays were 
of only moderate effectiveness, but 
Weedone gave at least a 75% kill within 
6 weeks. 

6. Some of the difficulties involved in 
assessing toxicity on woody plants are 
discussed. 

7. The influence of stomatal opening 
and other conditions was briefly investi- 
gated. 

The Biological Laboratories 
Harvard University 
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SEEDLING ANATOMY OF BRACHYPODIUM DISTACHYUM 


NAOMI MXJLLENDORE 


Introduction 

The anatomy of the grass seedling has 
been studied for more than two centu- 
ries, but there still remain some ques- 
tions concerning the vascular pattern of 
the first few internodes and its relation- 
ship to the developing leaves and stem. 
In some grasses the shortness of the in- 
ternodes, which results in the internodal 
pattern being influenced by that of the 
nodes, and the great number of vascular 
bundles have increased the difficulty of 
understanding the situation. In Brachy- 
podium dislachyum (L.) Beauv. all the 
internodes, even the first one, are long, 
the diameter of the stem is small, and the 
vascular bundles are few. These charac- 
teristics are advantageous for study in 
that a simpler vascular pattern results. 
This paper is an attempt to add to the 
clarification of some of the problems of 
anatomy of the grass seedling. 

Material and methods 

Seeds of 5 . distachyum were obtained 
in 1943 from Dr. Paul Weather wax of 
Indiana University. Dr. Weatherw^ax 
had received seeds some years earlier 
from La Mortola, a botanical garden in 
Ventimiglia, Italy, where the plant grows 
wild as a weed. He planted them in the 
greenhouse at Indiana University, and 
plants have been grown there since that 
time. 

The grains were sterilized in Semesan 
dust, soaked in boiled distilled w^ater a 
day, and then allowed to germinate. 
Some were planted vertically in pots; 
other were arranged in parallel rows in 
sterilized Petri dishes on moistened filter 
paper and allowed to germinate in a ver- 
tical position in diffused light. To secure 


various stages in germination, seedlings 
were removed from time to time and 
killed and preserved in FA A. 

The preserved seedlings were infiltrat- 
ed, using ^i-butyl alcohol, and imbedded 
in a rubber-paraflin-beeswax mixture. 
Transverse and longitudinal sections of 
various stages of development were 
stained in a modified triple or quadruple 
stain. 

Observations 

The embryo consists of a thick, some- 
what flattened, cotyledon, a plumule 
covered by the coleoptile, an epiblast, 
and the hypocotyl and radicle which are 
covered by a sheath, the coleorhiza (figs. 
I, 2). There is no vascular tissue in the 
epiblast or in the coleorhiza. These struc- 
tures are apparently flaplike extensions 
of the cotyledon, forming a sheath 
around the axis and extending downward 
to cover the radicle (figs. 2, 3). In Avena 
the coleorhiza and the epiblast are con- 
sidered to be outgrowths from the coty- 
ledon or axis or both and of little mor- 
phological importance (i, 6) Br achy- 
podium is apparently similar. In develop- 
ment its primary root pushes through the 
coleorhiza which is left as a lobed collar 
at its base (fig. 3). 

The coleoptile arises at some distance 
above the cotyledon but on the same side 
of the axis. The first true leaf arises above 
it on the opposite side. A bud usually oc- 
curs in the axil of the coleoptile (fig. 4). 
Avery (2, 3) has reported that a bud is 
almost universally present in the axil of 
the coleoptile of oats but is rarely present 
in that of maize. In Br achy podium sever- 
al adventitious roots arise above the di- 
vergence of the coleoptile. 

The vascular tissue to the cotyledon 
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runs upward in the stele of the first inter- cotyl — the internode above the attach- 
node to the divergence of the coleoptile ment of the cotyledon — and is somewhat 
at the first node above the cot^dedon, difficult to follow in the region near the 
thence downward as a vascular bundle in divergence of the coleoptile because of 
the cortical tissue parallel to the stele, adventitious roots and the bud in the 
and then into the cotyledon and upward axil of the coleoptile. All drawings of 
again (figs. 2, 3, 4, vascular bundle arch), transverse sections have the same scale 
Similar development has been reported of magnification. 

for Avena (3, 4, 6). The vascular tissue in the lower part 

The primary root has a radial stele, of the transition region is largely in two 
usually with seven or eight protoxylem groups, but one is larger (fig. 9). At the 
points (fig. 5). Transition occurs largely lower level two xylem strands, which in 
in the first internode, the so-called meso- the root were opposite the divergence of 



vase I 




Figs. 5-1 2. —Series of transverse sections of stele of seedling. Fig. 5, primary root. Figs. 6-9, stages in 
transition of first internode. Fig. 10, at level where cortical cotyledonary bundle diverges from vascular 
tissue of axis. Fig. ii, at divergence of coleoptilar bundles from axis. Fig. 12, above level where coleoptiiar 
bundles have diverged, axis has three main vascular bundles plus small provascular strands external to these 
{px, protoxylem; mx^ metaxylem; cot. v.by cotyledonary vascular bundle; coleoptilar vascular 

bundle;^, 6, :r,y,xylem strands; vascular 
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the cotyledon j show a rotation of approx- 
imately 90° (fig. 6, a, b). At a higher level 
further rotation results in a union of 
these two protoxylem points internally 
and in an extension of the two metaxylem 
arms at right angles from this union, the 
U-shaped xylem so formed embracing the 
phloem (figs. 7, 8, px^ mx). This vascular 
group becomes one of the three main 
vascular bundles of the upper part of 
this internode (figs. 12, 13, /). 

At the lower level of the first internode 
the other five, or six, piotoxylem strands 
from the root also are rotated about 90° 
and, with the metaxylem, are united into 
two groups (fig. 6, y) extending at 
right angles to the cortical cotyledonary 
bundle, which lies in the cortex opposite 
the middle of the cotyledon (figs. 7, 8, 
coi, v.b). 

At a higher level, the protoxylem now 
further rotated, these two groups appar- 
ently fuse internally (figs. 8, 9, y). This 

forms the second, larger vascular group 
of this internode. The arrangement is 
complicated by the extra protoxylem and 
metaxylem which lie on each side of this 
group, extending laterally toward the 
other group. 

At the upper end of the internode the 
vascular group on the cotyledonary side 
of the axis is divided, the middle portion 
turning downward and becoming the 
cortical cotyledonary bundle (fig. 10, 
cot, v.b) ; the parts on each side immedi- 
ately adjacent to this middle part diverge 
laterally to become the coleoptilar 
bundles. These turn upward, on opposite 
sides of the axis, into the coleoptile (fig. 
II, col. v.b). These bundles may be seen 
in older seedlings made somewhat trans- 
parent by FAA (fig. 3). The coleoptile 
has only these two vascular bundles, 
which lie opposite each other, in lateral 
positions. The lateral portions of the 
main bundle remain as two vascular 
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bundles of the axis (fig. 12, c, d) and con- 
tinue into the next internode. 

At the divergence of the coleoptile 
these two bundles of the axis, plus the 
one bundle opposite the middle of the 
coleoptile, form the three bundles of the 
lower part of the next internode of the 
axis. The extension of the metaxylem in 
this region forms what are practically 
amphivasal bundles. In addition, there 
are small external provascular strands, 
probably the downward extensions from 
leaves above (figs. 12, 13, c, d, f, prv). 

At a higher level the vascular strand 
which was opposite the middle of the 
cotyledon (fig. 13, /) forms one large 
bundle which will diverge as the midrib 
of the next leaf above—the first true 
leaf — and a small bundle on each side of 
it (fig. 14, g, h). The other two bundles 
(fig. 13, c,d) form three large bundles and 
two small bundles (fig. 14, c, d, e, i, j). 

Two adventitious roots are shown (fig. 
14, k, 1 ) beginning to develop from the 
axis opposite each other and at right 
angles to the bundles which will be the 
midribs of the first and second leaves 
above the coleoptile. Just above these a 
bud develops in the axil of the coleoptile 
(fig. IS, bud). 

Examinations of a number of seedlings 
were made, and all were found to have a 
similar development. Further develop- 
ment of the upper part of the axis will be 
illustrated with an older seedling having 
six leaves. 

In such an older seedling, in the second 
internode, additional vascular bundles 
are found, lying slightly external in the 
stele. Apparently these represent down- 
ward extensions from the leaf above, 
which end blindly in the cortex or join 
up externally with the outer part of the 
vascular ring. 

In the upper part of the internode, 
just below the divergence of the first true 
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leaf, three large bundles, at approximate- 
ly one-third of the circumference apart, 
elongate radially and diverge out of the 
circle (fig. i6, w, n, o). x\t the divergence 
of the leaf the radially elongated bundle 
forming the midrib divides, the smaller 
inner portion remaining as one of the 
bundles of the central cylinder. At a 
higher level this branches to form the 
midrib of the second leaf above, i.e., the 
third true leaf. The other two bundles 
which elongate radially and diverge from 
the central cylinder also leave small 
strands in the central cylinder. In the 


cortical region, in addition to these three 
main bundles of the leaf, there are two 
small provascular strands in each of the 
spaces between them (fig. i6, pro}. These 
small bundles are the lower e.xtensions of 
veins from the leaf and are the bundles 
which unite externally with the central 
cylinder at a lower level. 

The leaf has nine vascular bundles at 
its divergence from the axis, but at this 
level very little .xylem is differentiated 
in the six smaller ones. The leaf bundles 
have sclerenchjnnatous caps in addition 
to the bundle sheaths. 



Figs. 13-16. — ^Transverse sections of stele in second internode of seedlings. Fig. 13, just above divergence 
of coleoptile. Fig. 14, at level of origin of two adventitious roots. Fig. 15, axis and bud in axil of coleoptilc. 
Fig. 16, just below divergence of first true leaf {prv, provascular strand; c, d, c,f, g, h, l.j, vascular bundles of 
a.xis; k, I, adventitious roots; m, n, 0, vascular bundles of axis which continue as main vascular bundles of 
first true leaf). 
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Just above the divergence of the first 
true leaf j two adventitious roots arise 
from the axis. The axillary bud arises 
above these roots (fig. 17, bud). 

The vascular bundles to the bud come 
largely from two smaller bundles which 
lie on each side of the bundle forming the 
midrib of the leaf. These bundles branch, 
and divergences from them enter the 
bud. Additional supply comes from lat- 
eral strands of the main bundle lying be- 
tween these smaller ones, the bundle 
whose branch formed the midrib of the 
leaf. There is considerable anastomosis 
at the node, as evident from horizontal 
extensions of vascular tissue in this re- 
gion where adventitious roots and the 
axillary bud are developed. 

In the region where the bud in the axil 
of the first true leaf arises, the bundles 
of the axis show a greater development of 
the bundle sheath and are set apart more 
clearly, having the appearance of true 
stem bundles (fig. 18). 

In this internode just above the di- 
vergence of the bud there are twelve 
main axial bundles, six larger alternating 
with six smaller, and still smaller bundles 
lying somewhat externally to these main 
bundles. These smallest bundles are 
downward extensions from leaves above. 

Below the divergence of the second 
true leaf, five of the main bundles elon- 
gate radially and diverge outward to 
form the five bundles with lignified xylem 
found in that leaf at its divergence. These 
five bundles are the midrib, two large 
laterals, which occupied areas about one- 
third of the circumference of the vascular 
ring, and two new bundles located near 
the margin of the leaf. The latter bundles 
are continuous with small bundles which 
remain on each side of the bundle which 
is to be the midrib of the fourth leaf. In 
addition to the five larger bundles with 
lignified xylem, there are six less differ- 


entiated ones, making a total of eleven 
in the second leaf at its divergence. All 
these bundles have sclerenchymatous 
caps. 

At a higher level in the leaf the number 
of vascular bundles is increased to thir- 
teen by the appearance of two small ones. 

Above the divergence of the second 
true leaf eight main vascular bundles, 
four larger, are present in the central 
cylinder. In addition, there are horizon- 
tal extensions of provascular strands. 
These apparently are partly related to 
the axillary bud. 

The vascular bundles in the axillary 
bud are very immature and enter the 
central stele by horizontal branches, 
uniting eventually into two horizontal 
strands, one on each side of the vascular 
strand which is to diverge as the midrib 
of the fourth leaf. 

The origin of the third leaf is similar to 
that of the second, but in this younger 
leaf there seems to be no division of the 
radially elongated bundles to leave vas- 
cular strands in the axis, which means 
that the bundles from the leaf above 
have not differentiated this far down. 
The new bundle for the midrib of the 
fifth leaf and the vascular tissue for the 
axillary bud unite with the provascular 
strands lying on each side of, and inward 
from, the bundle which forms the midrib 
of the third leaf. 

At its divergence the third leaf has five 
vascular bundles with lignified xylem and 
nine provascular strands. There is a very 
young bud in the axil of the leaf. The 
fourth leaf is embryonic, but eleven pro- 
vascular strands can be seen at its diver- 
gence. The number of bundles in this leaf 
is increased at a higher level to nineteen. 
In all except five of these, however, the 
conducting tissue is provascular. The ad- 
ditional bundles have developed in the 
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leaf and have not joined with those of the 
axis or with other veins of the leaf. 

In the seedling described six true 
leaves have diverged from the axis. The 
fifth leaf has five provascular strands 
where it diverges from the axis; at a high- 
er level it has seven provascular strands, 
so apparently they differentiate first in 
the leaf. Above the fifth leaf there are 
only three provascular bundles in the 
axis. These diverge into the sixth leaf, 
and the stem tip is meristematic without 
any vascular tissue. 

In the immature region near the stem 
tip the vascular bundle development 
varies somewhat; this may be explained 
by the embryonic condition of the axis 
and the failure of complete extension of 
vascular tissue. In the embryonic region 
the three main leaf bundles diverge with- 
out leaving traces which remain in the 
central axis, as is true in the lower older 
leaves and a.xis. This would seem to indi- 
cate that the vascular bundles arise in 
the leaves and then extend into the axis. 
This evidence supports the explanation 
by Gregoire (5) that the procambial 
sti and of a leaf trace first appears in the 
base of the leaf primordium and then de- 


velops upward into the leaf and down- 
ward into the stem, where it joins the 
system of bundles coming down from 
other leaves. 

Conclusion 

Evidence from a study of the seedlings 
of Brachypodium distachyum indicates 
that the vascular tissue of the stem is de- 
veloped as a downward extension of vas- 
cular bundles from the leaves. As more 
leaves are developed, the vascular 
bundles of the stem increase in number, 
since these leaf traces may extend 
through several internodes and since the 
succeeding leaves are larger and have 
more vascular bundles. 

A vascular trace to a leaf may be re- 
lated to vascular tissue above by a con- 
vergence of an upper vascular strand 
with the leaf trace to form an axial vas- 
cular bundle at a lower level. 

The author is grateful to Dr. Paul 
Weatherwax for helpful suggestions 
and criticisms concerning the writing of 
this paper. 

Feanklin College 
Franklin, Indiana 
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PROTH.^LLI OF CERATOPTERIS THALICTROIDES 

T. S. I^L 4 HABALE 


Introduction 

Ceraiopieris is a monotypic genus of 
the family Parkeriaceae, widely distrib- 
uted in the tropics of the Old as well as 
the New World. It is generally believed 
to consist of a single species, Ceratopteris 
ihalictroides Brongn. (lo), but this view 
is not shared by all authors. Benedict 
(3), for example, has split the genus into 
four species, C. thaliciroides, C. lockharti, 
C. pterioides, and C. deltoides, basing the 
distinction on the form of the annulus, 
the presence or absence of the lip, and the 
number of the spores per sporangium. 
C. thalictroides occurs as an annual or 
perennial fern in India and Ceylon in an 
amphibious state on the margins of pools 
and river banks and is also seen floating 
in some deep-water reservoirs in Bengal, 
Assam, and other parts of India. 

The prothalli of this fern were studied 
by Kny (18) and by Leitgeb (20) from 
material obtained by germinating the 
spores under laboratory conditions. In 
October, 1938, the writer found some 
prothalli of this plant near a thicket of 
sporophytes on the banks of the Sabar- 
mati River at Ahmedabad, Western 
India. On examination these were found 
to be somewhat different from those de- 
scribed by previous authors, and hence it 
was thought worth while to describe 
them from their natural habitat. 

Observations 

General structure. — ^The adult 
prothallus measures 5X4*2 mm. and con- 
sists of two subequal or sometimes un- 
equal lobes with the meristem lying in 
the notch (figs, i, 2). The formation of 
such unequal lobes is also known in 
Pkris longifoUa, P, biaurita (22, 23, 25), 


Acrostic hum auremn, Ceropieris (Pi tyro- 
gramma) calontelanos (13), Cibotium 
sckiedei, and Asplenium caiidatum (18). 
In a t>q)ical adult prothallus, however, 
the two lobes are more or less equal (fig. 
i). The connection of the primary fila- 
ment could be noticed in some prothalli 
up to an unusually late stage, when they 
had already formed the reproductive or- 
gans. The dorsal surface of the prothallus 
is green, and on its ventral surface there 
is a short cushion, about five cells thick, 
which bears rhizoids at its posterior end 
and the archegonia at the anterior (figs. 
2b, 3). The wings are single-layered and 
bear a large number of antheridia all 
along the margin, including the portions 
near the notch (figs. 1-3). All the pro- 
thalli were bisexual. In spite of a careful 
search no one-lobed prothalli bearing 
only antheridia, like those described by 
Kny (18), were found. There was a 
marked tendency toward dioecism in the 
material studied by Kny which might 
have resulted from the fact that his ma- 
terial was obtained from culture; or it 
may be that the male prothalli are very 
short-lived in their natural habitat. 

Reproductive organs. — The form 
and development of the reproductive or- 
gans (figs. 4-13) agree with Kny’s de- 
scription (18). The development of the 
antheridium is of the Aneimia type (figs. 
4-9). Unlike the antheridia of most poly- 
podiaceous ferns, those of Ceratopteris lie 
imbedded in the marginal tissues of the 
prothallus (figs, i, 3, 9). A vertical sec- 
tion shows seven to eight spermatocytes 
(figs. 7, 8). The antheridium opens by the 
partial disintegration of a cover cell, as in 
Aneimia and some polypodiaceous ferns 
(fig. 9). The archegonium is of the usual 
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s. 10-13). The did not give any definite opinion. Re- 
three-nucleate cently Howi: (17) studied this point in 
ral canal cell, young plants raised from the leaf buds 
:11s are in four and found that the first adventitious root 
h (fiS- ^3)- 3 't the first node develops from a hypo- 

stages in em- dermal cell derived from the cell immedi- 
e in the Poly- ately below the leaf initial . Later roots on 
Y (18) thought a young plant may develop from the cells 
uadrants par- derived from the leaf initial itself and are 
f the leaf from also of hypodermal origin. The secondary 
roots arise from certain enlarged cells of 
the inner cortical layer of the primary 
root situated near its apical cell. Accord- 


Fio. 2.— Two adult prothalli. X22. a, dorsal sur- 
face of prothallus. h, ventral surface, showing 
rhizoids and small cushion. Note unequal lobes. 

ing to HotvE, this layer finally occupies 
the position usually'taken by the endo- 
dermis. Subsequent behavior of the sec- 
ondary root initial is the same as that of 
the primary root initial. In the embryo 
shown in figure 17, a secondary root {Sr) 
is arising from the primary root (i?). The 
leaf at the base of which it appears to 
arise is quite advanced, but, since the 
stem region is not yet well differentiated, 
the endodermis is not well defined. It 
is from such cells, however, which later 
form the endodermis, that the secondary 
root originates; and, therefore, it should 
be considered to be endogenous and not 
exogenous. This was also the view of Van 
Teeghem, Dotjliot, and Poirault (as 
cited by Ford [12]). 


Fig. I. Prothallus with 3'^oung sporophvte. 
X2S. Note antheridia at margin. 

which the stem arises afterward as a lat- 
eral bud. He compared this condition 
with that in the monocotyledons, in 
which also a single cotyledon is formed 
by the anterior quadrants. From this he 
further suggested a polyphyletic origin 
of the angiosperms through other vascu- 
lar cryptogams such as /Mefex. This 
view, however, is no longer tenable. 

Kny (18) also thought that the sec- 
ondary roots arising from the nodes at 
the bases of petioles in the first-formed 
leaves are exogenous in origin. Ford (12), 
who studied the anatomy of the plant, 
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Mycorrhiza. — ^The protliallus occa- 
sionally harbors some fungal filaments in 
the cells of the cushion on the lower side. 
A similar fungus was noticed in the pro- 
thalli of this plant by De Bary (9), 
who considered it to be a species of 
Pythium, and also by Leitgeb (21), who 
believed it to be a species of Compleioria. 
In the present study, to judge from the 
appearance of the fungus in the host 
cells, it seems to be the latter. xA similar 


those of the protliallus and sporophyte 
and occur in other ferns also. The exact 
origin or significance of such ^^MUtel- 
bildungen'' are still unknown in most 
cases (McVeigh [24]). 

Discussion 

The systematic position of the family 
Parkeriaceae to which Ceratopteris be- 
longs is not yet clear. Diels (10) placed 
it immediately after the Polypodiaceae, 



Figs. 3-9. — Antheridia. Fig. 3, vertical section of prothallus showing archegonium on ventral surface and 
antheridium at margin. X6s (approx.). Figs. 4-6, development of antheridium. Xioo. Fig. 4, antheridium 
initial. Figs. 5-6, young antheridia. Fig. 7, antheridium wdth eight spermatocytes. Fig. 8, the same, a more 
advanced stage. Fig. 9, entire antheridium which has discharged its contents. 

fungus was noticed in the prothalli of 
Botrychium virginianum by Campbell 
(7) and in the prothalli of Ophioglossum 
fiirosum by the author. 

Abnormalities. — In one case stomata 
were seen on the wings of the prothallus 
similar to those described by Goebel 
(14) for the prothalli of this species. 

Goebel obtained the prothalli by culti- 
vating the leaves of juvenile sporo- 
phytes in moist conditions after decapi- 
tating the apex of the shoot. Similar ex- 
amples of prothallial regeneration in this 
species have been reported by Bally (i), 

Koehler (19), and Beyerle (4). They 
show characters intermediate between 



Figs. lo-id.—Figs. 10-12, development of 
archegonium. Xioo. Fig. 13, mature archegonium. 
X ioo. Figs. 14-16, successive stages in early em- 
bryogeny. X62, 
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whereas Campbell (7) put it after the 
Cj-atheaceae. Bo-vsTiR (6) considered that 
the genus Ceratopleris is more closely re- 
lated to the relatively primitive Gymno- 
grammoid ferns, such as Cryptogramme 
and Onychium, rather than to the ad- 
vanced types like Adiantum and CJtei- 
lanthes. Christensen (8) supported this 
view and placed it under a separate 
group of Gymnogrammoidae, the Cera- 
topteridae. In view of the lack of any 


the prothallus is often suppressed. The 
prothalli of the more advanced Gymno- 
grammoid ferns, like Adiantum and 
Cheilanthes, are also not comparable with 
those of Ceratopteris on account of some 
aberrant features noticeable in them (15, 
16), such as collenchymatous thickenings 
in the region of the cushion— as those in 
Aneimia and Lygodium (2, 15, 27) — or 
the tracheids sometimes found in the pro- 
thalli of some species of Adiantum (22). 





general agreement on the question, it 
seems worth while to see what light a 
comparison of the prothalli of Ceratopter- 
is with those of allied genera can throw 
on the subject. 

According to Bower (6), the Gymno- 
grammoid ferns are related to the Os- 
mundaceae through the Plagiogyriaceae. 
The prothalli of some primitive Gymno- 
grammoid' ferns, such as Gymnogramme, 
Anogramme, Hemionitis, and Ceropteris, 
are known. These are essentially of the 
leptosporangiate type. In them the 
archegonia are borne on certain tuberous 
outgrowths, and one of the two lobes of 


The prothalli of the Osmundaceae re- 
semble those of Ceratopteris in having 
marginally or terminally distributed 
antheridia. The prothalli of these forms, 
however, differ from one another in many 
other respects, such as the plane of the 
first wall in the antheridial cell, which is 
flat in Ceratopteris but curved in Os- 
munda; tht mode of dehiscence of the 
antheridium, which takes place by the 
overthrow of a special opercular cell in 
Osmunda but not so in Ceratopteris; the 
position of antheridia, imbedded in Cera- 
topteris but not so in Osmunda; etc. The 
sunken condition of the antheridia in 
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Ceratopleris is comparable with that in 
the A'larattiaceae, ' OphioglossaceaCj Ly- 
copodinae, and Eqiiisetaceae ; but it 
should be remembered « that it is also 
known to occur in some Polypodiaceae, 
such as Dryopteris stipidaris (5) and 
Nephrodium molle (ii) and in a 
Cyatheaceous fern, Lomaria quadripin- 
nata (26). As a matter of fact, in their 
mode of dehiscence the antheridia of 
Ceraiopteris resemble those of Plagio- 
gyria, Aneimia^ and Mohria, but the 
prothalli of these genera show consider- 
able difference in their shape — being lop- 
sided in Aneimia and Mokriay on account 
of the lateral meristem, and cordate in 
Ceratopteris and Plagiogyria (15), on ac- 
count of the meristem lying in the notch. 

It thus appears that the prothalli of 
Ceratopteris are not closely comparable 
with those of any allied group, and, 
therefore, no definite conclusions can be 
arrived at from this source. For the pres- 
ent it seems best to adopt Bower’s (6) 
view that the genus Ceratopteris is a rela- 
tive of the Cryptogrammeae adapted to 
aquatic life. 

Summary 

I. The prothalli of the amphibious 
fern Ceratopteris thalictroides Brongn. are 
hermaphroditic and cordate. The antheri- 
dia, of the Aneimia type, are imbedded 
in the tissues of the prothallus and are 
marginally or terminally distributed. 


The number of spermatocytes in an 
antheridium is small; about eight oc- 
curring in a vertical section. The arcliego- 
nia are of the Polypodiaceous type and 
the early embryogeny is normal. 

2. The leaf shows a precocious develop- 
ment, and the stem quadrant is rather 
slow in differentiation, probably owing to 
the aquatic habit of the plant. The origin 
of the primary root is normal The sec- 
ondary roots arise from the endodermal 
cells of the primary root and are there- 
fore endogenous. No hairs of any kind 
are found on the prothallus. 

3. One specimen showed stomata simi- 
lar to those observed by Goebel (14). A 
facultative fungus, presumably a species 
of Completoria, was noticed in some 
prothalli. 

4. A comparison is made of the pro- 
thalli of Ceratopteris with those of the 
primitive Gymnogrammoid ferns, but no 
final conclusions on their affinities can be 
drawn for want of adequate data. 

The wTiter washes to thank Professor 
P. Maheshwari for his kindness in going 
through the manuscript and giving help- 
ful suggestions; Professors J. J. Asana 
and R. N. Sxjtaria for the use of facili- 
ties with wEich to work; and Dr. S. P. 
Agharkar for providing some literature. 
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A COMPARATIVE STUDY OF THE NUMBER AND LENGTH OF 
ROOTS PRODUCED IN NINETEEN ANGIOSPERM SPECIES 


HOWARD 

Introduction 

Quantitative studies of the total root 
development of a few plants have been 
reported by Pavlychenko (6), Dittmer 
(4)/ and Weaver and Zink (8, 9). In 
these studies definite counts were made 
of the roots arising from the base of the 
plants, and in most cases a record was 
kept of all the roots in the different sub- 
divisions as main, secondary, tertiary, 
etc. 

Investigations of this nature give an 
excellent indication of a plant’s soil- 
binding efficiency (3) and may also be 
used, along with length and diameter 
studies of the root systems, to determine 
the absorptive and conductive capacity 
of plants. Kramer (5) has pointed out 
the importance of root extension and rate 
of growth in making sufficient water 
available for the plant’s needs without 
depending upon capillary movement. 


r. bittmer 

Material and methods 
The plants used in this study were 
collected in New Mexico while growing 
naturally on the edges of gardens and 
lawns. Collections were made in July and 
August, when the plants were mature 
and in flower with the exception of Ulmus 
pumila, for which the specimens were 4-6 
years old. The reaction of the caliche 
soils in which they were growing varied 
from pH 8.0 to 8.4. Entire root systems 
were collected in so far as possible by 
digging around the plants with a long- 
bladed spade and then carefully remov- 
ing a large cylinder of soil containing the 
roots. With a few of the larger species, as 
U , pumila^ the entire root systems were 
not obtained, but a sufficient number of 
plants was taken to insure accurate 
counts and measurements of all parts. 

After a plant was collected, its root 
system was carefully washed to remove 
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soil clinging to the various parts and also 
to free one plant irom, another. When- 
ever possible, counts and measurements ^ 
were made immediately on the root sys- 
tems. When this was not possible, the 
material was preserved in a weak solution 
of formalin for later study. The method 
used in making the counts and measure- 
ments has been previously reported (2). 

Various categories of roots described 
include main, secondary, tertiary, and 
quaternary. Main roots are those which 
arise directly from the base of the plant. 
This term is used so that it is unnecessary 
to distinguish between primary roots of 
seminal origin and those of adventitious 
origin which arise directly from the base. 
Secondary roots arise directly from main 
roots, tertiary roots from secondaries, 
and quaternary roots from tertiaries. 

Results 

Table i presents the total number and 
lengths of roots in each of the various 
categories, giving both the average indi- 
vidual root length and, in parentheses, 
the total length for all roots in each 
category. 

In most cases the type of root system 
was tap. This is shown where the number 
of main roots is listed as i in the first 
column. In others, as clover, plantain, 
and the grasses, the root systems were 
fibrous and therefore had more numerous 
main roots. 

The total number of roots in any cate- 
gory is based upon the actual count of all 
roots in that category for at least ten 
plants, and/or upon calculations derived 
by counting the number of branch roots 
in a centimeter of root length and mul- 
tiplying that number by the average 
length of the category from which the 
branch roots arise. 


Discussion 

Roots are not listed in the quaternary 
division for a number of species, since 
roots of the tertiary category in these 
plants did not give rise to laterals. 
Selaria viridis is the only species ex- 
amined which branched only into the 
secondary order; there were no tertiaries 
on plants of this species. In only one 
plant, U. pumila, were there root 
branches beyond the quaternary divi- 
sion, but these were not included in this 
study. On the q-b-year-old elm trees ex- 
amined, divisions occurred out to the 
sixth order. 

Degree of branching of roots from one 
category to another may be conditioned 
by the inheritable stability within the 
species, age of the plant, and/or e.xtent 
of root growth as limited by external 
factors. The writer has noted (2, 3, 4) 
that winter rye grown weU apart from 
other plants will branch freely into the 
quaternary division but when grown 
normally in the field with other rye 
plants will branch only into the tertiary 
division. Top development is similarly 
affected by competition. 

The number of secondary roots arising 
from main roots is no indication of the 
number of tertiary roots which arise from 
secondaries. The number of laterals aris- 
ing from roots, per centimeter, in one 
category, will be different from the num- 
ber arising from roots of another cate- 
gory on the same plant. On some plants, 
as Salsola pestifer^ the number of tertiary 
roots greatly exceeded those of the sec- 
ondary and quaternary divisions. Only 
about one-fifth of the tertiary roots had 
one or more quaternary roots arising 
from them. This was correlated with the 
fact that on S. pestifer the tertiary roots 
averaged only 2 mm. in length and that 
roots of this size rarely show any branch- 


TABLE 1 

Number of roots and average root lengths for various species in 

DIFFERENT ROOT CATEGORIES 

Figures in parentheses express total length for all roots in that category 


No. OF ROOTS 


Av'ERAGE length of roots (cw 


Family and species 


Urticaceae: 

Ulnms ptmila L. 


Chenopodiaceae: 

Salsola pestifer A. Nels. . 


Amaranthaceae; 

Amaranthus torreyi (Gray) 
Benth. 


Caryophyllaceae: 
Cerastimn arvense L . . 


Cruci ferae: 

Descnraima pinnata (Walt.) 

Britt. I 10 520 1560 5 

Leguminosae: 

Soya max i 51 470 260 ii 

Trifolkm repens L 35 980 137 7 


Second- 

ary 

Ter- 

tiary 

Quater- 

nary 

Main 

Second- 

ary 

Ter- 

tiary 

Quaternary 

55 

1100 

88,000 

55 

0 

0 

^ c? 

8.0 

(8800) 

0 

0 

0 0^ 

105 

3 LS 0 

630 

35 

10 

(1050) 

0. 2 
(630) 

O.I 

(63) 

40 

325 

254 

S 

18.2 

(728) 

0.8 1 

(2S0); 

0 . I 

(25-4) 

14 

105 


7 

2 . 5 

0,15 i 






( 35 ) 

(lS- 7 ): 


10 

520 

1560 

5 

13 

(130) 

2.0 

(1040) 

0.3 ’ 
(468) 


o.b 0.4 


Pueraria thunhergiana Benth. . . 
Farosela dalea (L.) Britt 


54 756 


Zygophyllaceae: 
Trihiilus terrestris L. 


iLuphorbiaceae : 

Euphorbia albotaarginata Torr. 
and Gray 

Convolvulaceae : 

Convolvulus arvensis L 


28 168 


Labiatae: 

Nepeta cataria L. 


Compositae: 

Tagetes patula A. Gray 


I agetes patuta A . k^TSiy i 72. 432 

Taraxacum. oJjmialeVJehev .. . i 180 900 


Gramineae: 

Setaria virUis (L.) Beauv, 


12 3360 None 


(255) (376) (104) 

7 0.7 0.2 

(245) (686) (27. -4) 

9 1 . 


I 52 1560 1560 1:3 

I 200 160 2q 


(378) (226.8) 


i.o 0.2 


(520) (1560) (312) 


0.8 0.2 

(160) (32) 


II 10 0.7 

(220) (154) 

14 12 0.25 

(336) (32) 


I TOO 1200 200 10 


Solanaceae: 

Solarium eleagnifolimn Cav. .. . 1 130 650 65 

Plantaginaceae; 

Plantago major L,. 26 637 1449 • • 


3 0.5 o.i 

(300) (600) (20) 


(650) (325) 


10.5 1.8 0.3 . 

(273) (1147) (435) 

12 1.5 0.3 . 

(108) (130) 

30 4 0.4 • 

(720) (360) 


Cynodon dactylon (L.) Pers. . . . 4 per 660 22 ........ 15 


14 0.L2 

(16S) (403) 


(60) (1080) (8.8) 
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ing. Desmraima pinnata had about three 
quaternary roots arising from each, terti- 
ary root, but the length of the latter in 
this species averaged 2 cm. 

In the three species in which tertiary 
roots averaged i cm. or more in length, 
the number, of quaternary roots equaled 
or exceeded the number of tettiaries. If 
tertiaries averaged shorter than i cm., 
their number was always greater than 
the quaternaries. This statement is forti- 
fied by the data on Parosela dalea, in 
which the tertiary roots averaged i cm. 
in length, and the number of quater- 
naries was the same as tertiaries. Other 
plants listed in the .table bear out this 
conclusion. 

The secondary roots, although not so 
many in total number as tertiaries on 
most plants because of the shortness of 
the main root from which they arose, 
nevertheless were more numerous per 
centimeter of main root length than were 
tertiaries per centimeter of secondary root. 
The number of secondaries per centimeter 
of main root averaged about five ; the small- 
est number was one per centimeter in U. 
pumila; the largest was twenty per centi- 
meter in Setaria viridis. It is interesting 
that the latter species has no tertiary 
roots. There is probably a correlation 
between the facts that secondary roots 
are more numerous per centimeter of 
parent root than are tertiaries and that 
the main root is larger in diameter than 
the secondaries. The rule does not neces- 
sarily follow that a root large in diameter 
wiU have many laterals, but main roots 
are always several to many times larger 
in diameter than secondary roots of the 
same plant and invariably have more 
laterals per centimeter. 


Figures by Dean (i) in her study of 
aquatic plants, including Typha laiifolda, 
show as many as fifty to sixty laterals 
produced per centimeter of root length 
in aerated clay soils and five to thirty 
per centimeter in unaerated clay. Weav- 
er and HimiEL (7) counted si.x to twen- 
ty-five laterals per centimeter on the 
main roots of T. latifolia in a similar 
study. The number of laterals reported 
in the present paper follow the minimum 
figures of these other workers. The 
author, however, has investigated plants 
under semiarid conditions; these other 
investigators used aquatic species. 

Summary 

1. Quantitative studies of the roots of 
nineteen species of plants in fourteen dif- 
ferent angiosperm families were made. 
Results indicating the total number of 
roots and root lengths are presented in 
tabular form. 

2. Tertiary roots produced about one 
quaternary root per centimeter of length 
in most of the plants examined; however, 
the number of secondary and tertiary 
roots developing from main and second- 
aries, respectively, varied considerably. 

3. Variation in number of roots and 
root length results from differences in 
size of plant, age, inheritable stability, 
and competition with other plants. Gen- 
erally, plants show a compensating fac- 
tor in root growth; when restricted in one 
category, another root division or two 
will exhibit much greater growth. 

Bepaktment of Biology 
University of New Mexico 
Albuquerque, New Mexico 
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GYMNODINIUM BREVIS SP. NOV., A CAUSE OF DISCOLORED WATER 
AND ANIMAL MORTALITY IN THE GULF OF MEXICO^ 


CHAEIES C. DAVIS 


Gunter et al. (2) reported a mass mor- 
tality of marine animals on the lower 
West Coast of Florida which was associ- 
ated with a yellow or yellow-green dis- 
coloration of the water and with the oc- 
currence of large numbers of individuals 
of a species of the genus Gymnodinium. 
In connection with their study of the 
mortality several samples of the plankton 
were taken, and, in addition, preliminary 
study of living specimens of Gymnodini- 
um was attempted under difScult field 
conditions. 

In April, 1947, there were further re- 
ports of fish mortality in the Gulf of 
Mexico off the Florida Keys, and on 
April 12 a field study was made of the 
situation. Again, associated with mor- 
tality, there was a yellowish-green dis- 
coloration of the water and the presence 
of the same species of Gymnodinium. 
Living specimens were more carefully 
studied, some being returned to the 
laboratory alive. New outbursts of mor- 
tality occurred in July from Venice to 


^Contribution no. 
Marine Laboratory. 


17, University of Miami 


Sarasota. These were also investigated in 
the field. 

This organism was enormously abun- 
dant. Off Key West (near Content Keys) 
fish mortality was occurring in a situa- 
tion in which the count of Gymnodinium 
was 420,000 cells per liter. At one loca- 
tion near F ort Myers, Florida, during the 
January mortality, it was 13,900,000 
cells per liter and was probably even 
higher in other localities at that time. In 
July, off Venice, a sample was obtained 
containing over 60,000,000 cells per liter. 
Furthermore, the mortality of fish and 
other animals occurred sporadically over 
a period of 9 months from November, 
1946, to July, 1947. This very abundant 
organism appears, however, to be new to 
science. 

Gymnodinium brevis sp. nov. 

Diagnosis.— Celia quadrata, 25.3 ad 
31 - 6 /x longa atque lata, 12.7 crassa. 
Zona non disposita. Epicono paulo mi- 
hypocono. Hypocono sulco 
alte denticulato, sulco praeter zonam 
multum extendente. Epicono magnum 
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impendentem apicalem processum ha- 
bente, Celia sine maculis exterioribiis, 
Chromatophoros croceo-virides et granu- 
la sine colore habente. 

Description— The body of the living 
cells is approximately the same in length 
as in breadth, these dimensions varying 
from 25.3 ju to 31.6 ju. The cell, however, 
is very flat, being only 12.7 /x in thickness 
in those living specimens on which this 
measurement could be made. It is more 
or less square in outline, with the girdle 
placed a little closer to the epicone than 
to the hypocone. There is no displace- 
ment of the girdle. 

The hypocone is very deeply notched 
by the sulcus, which itself is deeply im- 
pressed. The sulcus extends far beyond 
the girdle into the epicone, wherein it 
bends rather sharply to the right to pass 
around a prominent domelike overhang- 
ing process at the apex of the epicone. 
The sulcus ends just short of the epicone 
end of the cell. On the left side of the 
overhanging process, setting it off clearly 
from the rest of the cell, is a deep impres- 
sion. 

The girdle and the sulcus divide the 
body of the cell into quadrants. The two 
quadrants in the epicone are somewhat 
smaller than those in the hypocone. The 
domelike process at the apex forms a fifth 
division, much smaller than the other 
four. There are no markings on the sur- 
face of the body. 

The cells contain several chromato- 


CoMPARisoNS. — Because this species 
has a thin periplast without surface 
markings, and contains chromatophores, 
it belongs to the subgenus Gymmdinitmt. 
It has an overhanging epicone similar to 
that of G. scopulosum as described by 
Koeoid and Swtezy (3) but cannot be 
this species because of its general body 
shape, the presence of chromatophores, 
differing coloration, lack of displacement 



Figs. 1-2 . — Gymnodinium brevis sp. nov. Fig. i, 
sulcus view. Fig. 2, apical view of epicone to show 
overhanging process. X970. 


of the girdle, etc. In size, general body 
outline, and presence of yellow chromato- 
phores, G. brevis is similar to G. agile 
Kofoid and Swezy, but the epicone of 
G. agile does not form so large an over- 
hang, its chromatophores are fewer, its 
cell is not so flattened, and its sulcus does 
not extend beyond the girdle. In general 



phores, which are yellow-green in color in 
both living and preserved specimens. All 
color is confined to the chromatophores. 
Numerous colorless starchlike bodies 
which, however, do not stain with iodine, 
occur toward the center of the cell. No 
sign of ingested food materials was ob- 
served. 


body form G. brevis is somewhat similar to 
Phyllodinium scutellaris as described by 
Conrad (i), but P. scutellaris does not 
have an overhanging process, and its 
sulcus is on the convex surface of the cell, 
rather than the concave surface. 

University of Miami Marine Laboratory 
Coral Gables 34, Florida 
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CURRENT LITERATURE 


Hormones and Horticulture. By George S. Avery, 

Jr., and Elizabeth B. Johnson, with the col- 
laboration of Ruth M. Addoms and Betty F. 

Thomson. New York: McGraw-Hill Book Co., 

1947. Pp. xii-f 260-1-51 figs. -1-26 tables. $4.50. 

Within the last 15 years a group of organic com- 
pounds sometimes designated as plant hormones has 
come into wide economic use in the field of agricul- 
ture. One of the substances first used was indole- 
acetic acid. As time has gone along, other chemicals 
have been experimented with and have come into 
use. It is principally these chemicals that the authors 
refer to in the present book. Other investigators 
have preferred the use of other terms for them, such 
as *‘auxin,” “growth-regulator,” “growth-regulating 
substance,” “growth-promoting compound,” and 
the like. None of these terms, which imply excitation 
of growth, is adequate. Many of the chemicals may 
actually influence growth very slightly, although 
they may profoundly affect certain physiological 
processes both qualitatively and quantitatively, 
either increasing or decreasing their rate. Some of 
these processes have been shown to be the digestion 
of starches, proteins, and other substances, uptake 
or retention of water and minerals, respiration, and 
the more generalized and complex set of phenomena 
referred to as enzymatic activity. 

Thus the term “hormone” when used in the sense 
of “arousing to activity” is too limited in meaning to 
be wholly appropriate or adequately descriptive for 
these compounds. The word “ergocrine” could be 
used to indicate the fact that to a degree they more 
or less precisely affect or regulate what a thing does, 
for plant responses to them are apparently not hap- 
hazard. It may well be, however, that it would be 
best to await the results from further studies on proc- 
esses and responses of plants to this general class of 
compounds before encumbering literature with addi- 
tional terminology. 

^ The authors point out some of the many applica- 
tions of ^ ‘plant hormones” which have been made in 
the field of horticulture. The uses of these chemicals 
apply with equal force to the whole field of agricul- 
ture in its broadest sense. Still, to say that the use of 
these compounds in the field of agriculture is revolu- 
tionary is somewhat overenthusiastic. Their final 
economic value has by no means been assessed as 
yet. 


In addition to a brief historical survey, there are 
chapters dealing with the rooting of cuttings, control 
of preharvest drop of fruits, the setting of fruits with 
or without pollination, treating of seeds, weed con- 
trol, prolonging and inducing dormancy, and miscel- 
laneous growth phenomena. There are also chapters 
on the use of certain chemicals not regarded as hor- 
mones by the authors, in thinning of blossoms on 
trees, breaking dormancy, and the production of new 
varieties. 

The illustrations are numerous, clear cut, and 
meaningful. There are a number of tables and lists 
of plants, presenting a wide array of experimental 
data. The data given are probably as critical as many 
of the original, fragmentary reports permit. But 
many such reported results must certainly be re- 
garded as tentative, pending further experiments 
under a greater variety of conditions and environ- 
ments. Even though some of the evidence is frag- 
mentary and conflicting, it is well to have summaries 
presented from time to time. There is no more reason 
to assume that the uses of “hormones” in agricul- 
tural practice will be wholly standardized and stabi- 
lized in the immediate future than have been tte 
uses of mineral and organic fertilizers. Progress is 
being made and should be reported. Eventually 
clearer patterns will emerge. It would have been well 
if greater emphasis had been given the fact that 
great economic losses may result from improper use 
of these chemicals. 

Each chapter has a summation of much of the 
pertinent literature referring to the subject matter it 
treats. There are author and subject indexes. As a 
whole, the book is very valuable in bringing together 
some of the many contributions made in this field to 
date. The enormous rate at which new and addi- 
tional data are now accumulating — scores of articles 
every year — makes it impossible for any book to be 
more than a report of progress. The present book 
reports well. — E. J. Kraus. 


North American Species of Mycena. By Alexander 
H. Smith. Ann Arbor, Mich.: University of 
Michigan Press, 1947. Pp. xviii+S 21-1-99 pis. 
+56 figs. $6.00. 

Mycena is a genus of small- to medium-sized gill 
fungi characteristic of temperate forested regions, 


CURRENT LITERATURE 


194S] 


361 


including mountain forests in tlie tropics. In the 
work here noted 232 species and varieties are de- 
scribed in detail, the great majorit}" illustrated by 
photographs or drawings of microscopic characters 
or both. These are practically all from the United 
States and Canada. In addition, a number of Mexi- 
can and West Indian species originall}' described by 
MurRILL have been restudied and redescribed with 
particular attention to microscopic features. Twen- 
ty-eight species and seven varieties are described as 
new, and there are a number of new combinations 
and new names. Names applying to excluded and 
doubtful species are listed and critical notes are pre- 
sented on those of which Smith has been able to 
examine authentic material. One new combination 
is proposed in Hygrophoriis. The halftones are nearly 
all excellent and the text figures clear, although un- 
fortunately magnifications are not stated. 

As the author points out, much remains to be 
learned of the genus as it occurs in North America, 
but the net result of his work is to alter the status of 
Mycena from one of the most difficult and least 
known to one of the best understood of the North 
American genera of agarics. — G. W. Martin. 


Dijfirenciation des tubes crihles chez les A ngiospermes: 
Recherches cyiologiques. By Janine S.almon. 1946. 
(Copyright 1947 by J. Salmon. Imprime Ober- 
thur, Rennes, May 1947-) Ep* 235+122 ligs. + ip 
pis. +2 photomicrographs. 

This monograph is a Doctor’s dissertation which 
was commenced under the direction of A. Guillier- 
MOND. The author also acknowledges the guidance 
of G. Mangenot and R. J. Gautheret. The topics 
considered are as follows: nuclear degeneration; 
cytoplasmic differentiation at the level of the sieve 
plates: the plasmodesmata; various inclusions of the 
sieve tubes; chondriome and the question of ‘‘red 
starch”; vacuolar S3^stem of the sieve tubes; and gen- 
eral survey of differentiation of sieve tubes and com- 
panion cells, primary and secondary phloem. The 
studies were made on seventy-seven species of sixty- 
seven genera in forty-five families of dicotyledons 
and on seven species of as many genera in three 
families of monocotyledons. Vital staining and vari- 
ous microchemical tests were performed with part 
of the material; the other was processed through 
paraffin. 

The presentation of original data is preceded by 
a chronological review of the literature on the struc- 
ture of the sieve tube. One of the main conclusions 
drawn by Miss Salmon from this review is that cal- 
lose and the slimy accumulations on the sieve plate 
are frequently confused in the literature. This is a 
surprising conclusion, because even the earliest stu- 
dents of the sieve tube had a good understanding of 
the distribution of callose on the sieve plate and 
were able to differentiate between the contents of the 


sieve tubes and callose' (see review by Esau, Bot. 
Rev. 5: 373-432. 1939). In keeping with her miscon- 
ception regarding the treatment of the subject of 
callose in the literature, Salmon failed to indicate 
the substance in certain diagrams (p. iS, fig. 3) 
which are supposed to summarize the various au- 
thors’ interpretation of sieve-plate structure. To 
complete the consideration of her views on callose, 
as expressed in the main part of the paper, it will 
suffice to point out that she did not recognize the 
presence of this substance during the early stages 
of sieve-plate differentiation (p. 189), reported only 
on the definitive callus (p. 85-S9), and suggested a 
reversible transformation of the “phospholipoidal 
material” (slime) into callose (p. 194). 

Salmon reports the loss of nucleus in differenti- 
ating sieve tubes in fifty-two species of foiffy-seven 
genera of dicotyledons and two species in two genera 
of monocotyledons. An attempt is made to distin- 
guish between two types of nuclear disintegration. 
One, called “pycnotic,” is said to involve an increase 
in density and chromatic itj- followed by a dispersal 
of the nucleus; the other, the “dechromatization,” 
leads to a decrease in density and eventual loss of 
chromatic contents. Often the two types are not 
clearly separated and may be combined in the same 
kind of sieve tube. The various aspects of the disin- 
tegrating nuclei are interpreted as distinct phases, 
are given names, and are illustrated by numerous 
plates of colored drawings. To what extent fixation 
may have influenced the appearance of the disinte- 
grating nuclei is not considered. With the progress of 
the discourse the distinction between pycnosis and 
dechromatization becomes more and more real in the 
author’s treatment. We read eventually that pri- 
mary sieve tubes lose their nuclei by pycnotic de- 
generation, the secondarj^ by dechromatization. To- 
ward the end of the paper the type of nuclear de- 
generation is used as a criterion for the identification 
of primary and secondary sieve tubes. In discussing 
the matter of distinguishing between the two kinds 
of sieve tubes, the author reveals a peculiar miscon- 
ception that “the presence of primary" phloem is 
considered to be exceptional in stems of dicotyle- 
dons” (p. 182). However, according to Salmon, 
Bryonia stems have primar}^ sieve tubes, because 
some of these elements show pycnosis of nuclei. We 
are also told that the sieve tubes in seedling hypo- 
cotyl and root of Bryonia j which appear to be pri- 
mary on anatomical grounds, are in reality second- 
ary because they show dechromatization of nuclei 
(pp. 172-175). Her logic is difficult to follow when 
we remember that on page 37 the occurrence of pri- 
mary?- sieve tubes in Bryonia stems was taken as a 
matter of course and that presumably the identifica- 
tion of these elements was made on anatomical 
grounds before their nuclear behavior was known. 
Despite the detailed study of nuclear degeneration, 
Salmon failed to note the extrusion of nucleoli in 
species showing this phenomenon (Esau, Amer. 
Jour. Bot. 34: 224-233. 1947), 
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The part dealing with plasmodesmata of the 
sieve plates contains even more errors of fact and 
inference than the pages just considered. S.-^lmon 
does not seem to be aware of the problems involved 
in the interpretation of the origin of connecting 
strands in the sieve plates and simply states: “The 
plasmodesmata begin to form at the time when the 
cellulose wall of the sieve plate is pierced” (p. 56). 
No reference is made to the common idea that 
plasmodesmata may be present in the walls from the 
latter’s inception. Although the wall is “pierced,” 
the plasmodesmata of the two superposed elements 
do not fuse, according to Salmon. A discontinuity 
remains between the plasma membranes of the two 
opposed plasmodesmata. Special terms are used to 
characterize the situation. Following Mangenot, 
Salmon speaks of a synapsis of membranes, and, 
probably because these membranes readily stain 
with iron hematoxylin, they are referred to as 
siderophilic membranes. Thus each sieve-plate pore 
is said to contain a couple of siderophilic mem- 
branes. Although the author admits that the dis- 
continuity of the plasmodesmata is not always 
visible, she nevertheless assumes, on scanty evi- 
dence, that bounding membranes are always 
present. 

The plasmodesmata later undergo a modification 
associated with the appearance of the darkly stain- 
ing material on the sieve plate (which is spoken of 
as “slime” in the literature written in English). 
Salmon interprets this material as a plasma mem- 
brane of the sieve-tube protoplast and finds that it 
is proteinaceous and phospholipoidal in nature. At 
first the plasma membrane is thin; later it thickens 
asymmetrically: becomes thicker on the “lower” 
sieve plate. This asymmetry is said to be a reflection 
of the polarity of movement in the sieve tubes. Thus 
the well-known “slime plugs,” which appear as arti- 
facts on the sieve plates when the phloem is cut, are 
considered to be normal structures, namely, plasma 
membranes. 

The pulling-away of the sieve-tube protoplast 
from the longitudinal walls, which the author brings 
into relation with the thickening of the “plasma 
membrane,” is described as a normal phenomenon 
also. We are told that, because of this contraction of 
cytoplasm in mature sieve tubes, plasmolytic tests 
are not applicable to them (pp. 199-200). Though 
the sieve-tube slime is interpreted as a plasma mem- 
brane, it is referred to as “accumulations cribrales” 
in most of the subsequent discussion. In the part 
dealing with the slime bodies Salmon states that 
these are proteinaceous and phospholipoidal in na- 
ture (“corpuscules lipido-prot^iques”) and that 
their substance becomes incorporated in the ac- 
cumulations on the sieve plates. 

The young sieve tubes have osmiophilic inclu- 
sions, which are interpreted as microsomes. They 


also take part in the formation of the “accumula- 
tions cribrales.” The sieve-tube plastids are derived 
from mitochondria, and the material that is elabo- 
rated in these plastids and stains red with iodine is 
described as a juvenile form of true starch, which is 
degraded by amylase but is nonrefringent. The 
early breakdown of the plastids prevents the devel- 
opment of the grains into ordinary starch. In a re- 
capitulation, she generalizes that in dicotyledons 
each plastid elaborates several starch grains and, 
in the monocotyledons, starch grains and lipoidal 
granules. By means of neutral red the growth of 
vacuoles in number and size and their fusion into 
one vacuole were studied. The lack of accumulation 
of this stain by differentiated sieve tubes is also 
mentioned. 

One more unusual feature is reported by Salmon. 
The companion cells of CucurbUa, Bryonia, Urtica, 
and Robinia are said to differentiate into sieve- tube 
elements after the associated sieve tubes had been 
fully formed. The evidence is presented by means of 
drawings in which the end walls of the companion- 
cell series often do not agree with the end walls of 
the associated sieve-tube elements. This peculiarity 
is explained as resulting from a displacement of their 
walls during the subsequent growth of the com- 
panion cells. The fact that ordinarily the companion 
ceils of one element do not occur in a continuous file 
with those of another, superposed element is not con- 
sidered. There is also a reference to a progressive 
shift in the relation between the sieve-tube element 
itself and one of its inclusions, if different stem levels 
are compared. Toward the apex, successively less 
differentiated cells— -that is, shorter cells with less 
and less distinct sieve plates — show the appearance 
of slime bodies. The fact that at higher levels the 
differentiating sieve tubes could be the first proto- 
phloem sieve tubes— and those farther down, the 
corresponding cells of the metaphloem, or even 
secondary phloem — is ignored. 

In conclusion it might be proper to list the ob- 
servations of Salmon which, in the opinion of the 
reviewer, could be regarded as contributions to our 
knowledge of the characteristics of sieve tubes. Here, 
one could name, first, the evidence that so many dif- 
ferent dicotyledons and some monocotyledons show 
the common phenomenon of nuclear disintegration 
in differentiating sieve tubes; second, the record that 
slime bodies have been observed in a wide variety of 
dicotyledonous plants. Perhaps the identification of 
lipids in the sieve-tube slime may be mentioned also, 
if the accuracy in the execution of the microchemical 
tests can be relied upon. All the other conclusions 
are inadequately supported by evidence, and some 
directly contradict the well-known facts of plant 
structure and differentiation. — Katherine Esau, 
College of Agriculture, University of California, 
Davis, California. 
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REPRODUCTIVE STRUCTURES OF THE GAMETOPHYTES OF 
HYMENOPHYLLUM AND TRICHOMANES 


ALMA G. STOEIEY 


Introduction 


The first account of the reproductive 
organs of the gametophytes of the Hy- 
menophyllaceae was given in 1864 by 
Mettenius (17). He had examined the 
tangled material at the bases of leafy 
plants in herbarium specimens of Tricho- 
manes incisum^ T. sinuosum, and an un- 
determined species and had found game- 
tophytes bearing sex organs and gemmae. 
Janczewski and Rostafinski (16), in 
1875, described the mature gametophytes 
of Hymenophyllum tunhridgmse from 
specimens collected near Cherbourg; this 
account includes the external aspect of 
the sex organs with a few details of their 
structure obtained from hand sections, 
but no figures were given. Goebel (ii) 
in 1887 gave descriptions and figures of 
the external aspect of the sex organs of 
H. eximium^ H, dilatatum, H. smiihii, T. 
digitatum, and T. difiisum; and in 1892 
(12) he described the gametophytes of T. 
rigidum and T. sinuosum. In 1888 Bower 
(i, 2) published accounts of gemmae for- 
mation and apogamy from his investiga- 
tion of r. pyxidiferum L. and T. alatum; 
and in 1894 he continued with an account 
(3) of apospory and gemmae formation 
in T, kaulfussii Hk. and Grev. George- 
viTGH (8, 9) further extended our knowl- 
edge of T . kaulfussii with accounts of 
apogamy, apospory, and antheridial 
structure. Holloway (14) reported on 
sex organs in field collections of H. 
pulcherrimum CoL, although none had 
appeared in cultures 3I years old. In 1944 
he gave an account (15) of the sex organs 
and embryo oi Car diomanes reniforme 


(Forst.) Pr. based on gametophytes in 
culture for over 6 years. This is the only 
account of the internal structure of the 
archegonium of , any member of ' the 
Hymenophyllaceae except for the limited 
descriptions by Janczewski and Rosta- 
finski. 

Material and methods 

The material used in this study was 
from sets of cultures described in an ear- 
lier paper (18) in which an account was 
given of spore germination and vegeta- 
tive stages of seven species of Hymem- 
phyllum and four of Trichomanes. Of 
these, four species of Hymenophyllum 
and three of Trichomanes lived long 
enough to bear antheridia, and with the 
exception of one species of Trichomanes 
all bore archegonia. The culture of H, 
blumeanum Spr. was started in Formosa 
in 1931, and the others in Java in 1937. 
They have been transplanted at intervals 
ranging from 6 months to 3 years. Four 
species are still in culture. A fuller ac- 
count of the cultures as well as the au- 
thor’s many obligations for material, as- 
sistance, and laboratory facilities are 
given in the earlier paper. 

The external aspect of the sex organs 
and their distribution were studied in 
fresh material. The surface view of the 
antheridium of Hymenophyllum was also 
examined in material bleached in 4% 
potassium hydroxide and stained in 
Mayer’s haem-alum. The antheridium of 
Trichomanes is usually so much smaller 
than that of Hymenophyllum that its ex- 
ternal aspect was usually clear in fresh 
material. Microtome sections were used 
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for the study of internal stages of devel- 
opment. Small portions of the ribbon- 
like thallus of Hymenophyllum bearing 
sex organs were cut out, and portions of 
the filamentous gametophytes of Tricko- 
manes bearing archegoniophores were 
carefully dissected out to obtain material 
for paraffin sections. This material was 
treated with various killing and fixing 
agents; the most satisfactory was Na- 
vashin^s fluid (Craf formula) in two- 
thirds or three-fourths strength. Flem- 
ming’s triple stain gave the best results 
of the various stains tried. Fertile por- 
tions in large numbers were imbedded in 
paraffin and cut in mass at lo /i, since the 
archegonium-bearing cushions of Hy- 
menophyllum and the archegoniophores 
of Tfichomanes are too small and unsym- 
metrical for the orientation of sex organs 
or regions. Sufficiently large amounts of 
fruiting material, except for antheridia of 
Tfichomanes j were available to afford an 
adequate nu>nber of sections for the in- 
terpretations of the structures. 

Investigation 

The gametophytes of the Hymeno- 
phyllaceae are relatively slow in develop- 
ment, but they seem able to live in cul- 
ture almost indefinitely even with con- 
siderable neglect. Hymenophyllum blu- 
Spr. was in culture over 6 years; 
archegonia were not observed until the 
cultures were more than 3 J years old, and 
no antheridia were ever seen (fig. i). 
Since it was not anticipated that the 
prothalli might be dioecious, no attempt 
was made in this first cnlimt oi Hymeno- 
phyllum to select portions from various 
parts of the tangled mass of branches 
when making transfers. When archegonia 
were first observed, they were found not 
only near the tips of the gametophyte 
branches but farther back, and they may 
have arisen perhaps a year earlier, escap- 


ing notice because of their scarcity in the 
culture. Although archegonia appeared 
at intervals for over 3 years, diligent 
search revealed no antheridia. The game- 
tophytes of H . holochilum (v.d.B.) Chr. 
and of H, kurzii Prantl bore antheridia 
when about 20 months old, and shortly 
afterward archegonia were found on the 
same gametophytes. H. acantkoides Ros. 
did not bear antheridia until 3 years old ; 
it was nearly a year later before arche- 
gonia were found, but they were never 
on the same gametophyte. T, atiricula- 
km Bl. and T. bilabiatum- Nees and Bl. 
bore antheridia when 9 months old and 
archegonia about a month later. T. maxi- 
mum Bl., which was exceedingly slow in 
vegetative development, bore antheridia 
when a year old but died about 3 months 
later without having borne archegonia. 

Hymenophyllum: 

Sex organs developed mostly during 
the summer in Massachusetts, and no 
archegonia! cushions were formed in win- 
ter. The cultures were growing at a north 
window which subjected them to a lower 
temperature in winter, during: which time 
the light was weaker and of shorter daily 
duration. When cultures were examined 
with a hand lens, the archegonial cush- 
ions could be detected by the paler color 
of the marginal region. The antheridia 
were less easily detected without dissec- 
tion. 

Antheridia.— The antheridia were 
found most frequently arising from cells 
on or near the margin on the ventral side 
of the ribbon-shaped* thallus, less fre- 
quently on the dorsal side (figs. 2, 3, 7). 
The mature antheridium is similar to the 
more or less complicated type found in 
the Osmundaceae and Gleicheniaceae. 
The antheridium arises from an initial 
cell which is separated from the thallus 
cell by a wall which may be parallel to 


mm 


Figs, i-8,— Fig. i , H: bhmeanum, dorsal view of garaetophyte bearing archegonia and several regenerated 
branches, f. Fig. 2, H. kurzii, ventral view of gametophyte with antheridia {circles) and archegonia (shaded 
black). Figs. 3-5, H. acanthoides: 3, branch with antheridia; figs. 4, 5, ventral view of branches with 

archegonia. Figs. 6, 7, /f. kolochUmn: fig. 6, cushion with archegonia and rhizoids, ventral side; fig. 7, branch 
with antheridia and archegonia, ventral side. Fig. 8, //. kurzii^ margin of gametophyte with three archc- 
gonial cushions, ventral view. 
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the surface but is more frequently ob- 
lique (fig. g). The basal portion of the 
antheridium is formed by one or, more 
commonly, two or three wedge-shaped 
cells (figs. lo, 12); an early stage of the 
antheridium with the characteristic ob- 
lique walls is shown in figure 10. Some- 


[JUNE 

times a few cells formed by intersecting 
walls make a short stalk (figs, ii, 17, 19, 
22), or occasionally a series of disklike 
cells lifts the antheridium a considerable 
distance above the level of the thallus 
(fig. 18). After several oblique walls have 
cut off the cells which make up the lateral 



lies. 9-24.— Figs. 9-is, 20, 21, ff. kurzii: figs. 9-14, stages in development of antheridium; fig. 15, 
surtace view of anthendium ; fig. 20, top view of antheridium almost mature; fig. 21, top view of antheridium 
after di^harge of sperms. Figs. 16-19, 22, H. (wanthoUes, surface views of antheridium. Fig. 23, H. holochi- 
lum, imbedded antheridium and mature archegonium. Fig. 24, H. kurzii: a, b, spermatids with blepharoplast 

m cytoplasm; c, (i, e, stages of blepharoplast. 
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walls of the antheridium, a cap cell is 
formed, delimiting the primary sperma- 
togenoiis cell (fig. ii); early divisions of 
the latter are shown in figures 12 and 13, 
The last division of the cap cell, cutting 
out the opercular cell — which in this case 
is triangular— is shown in figure 20. The 
opercular cell is not usually as conspicu- 
ous or as regularly placed or formed as in 
the Osmundaceae or the Gleicheniaceae. 
It has been stated that there is no opercu- 
lar cell in Hymenophyllum (5), and Hol- 
loway (15) wrote that there is none in 
Cardiomanes. Although the discharge of 
the opercular cell was not seen, a dis- 
lodged cell was found in a number of 
cases in the vicinity of the opening (fig. 
22) or the opening itself was seen (fig. 
21). Surface views in figure 15-22 show 
some of the modifications in the form of 
the cells of the wall as the antheridium 
enlarges and matures. The interpretation 
of the external structure of the antherid- 
ium is not easy or certain, since the 
antheridium is relatively large and since 
the wall consists of so many cells in which 
there is considerable variation in both 
number and form. Some of the larger 
antheridia show more than thirty sperms 
in a section. In several preparations of 
H. holochilum partly imbedded antheridia 
were present (fig. 23). While the cultures 
were young, the antheridia opened nor- 
mally and active sperms were seen ; for 
the last 2 or 3 years, however, although 
antheridia continued to form, none was 
found which had discharged active 
sperms. 

In the spermatid before the changes 
occur which result in the formation of the 
coiled sperm, a dark-staining granular 
body, undoubtedly the “blepharoplast,’' 
is seen in the cytoplasm outside the more 
or less spherical nucleus (fig. 24, a, c, d). 
In somewhat older cells this body forms a 


band, one side of which comes to lie close 
to the nuclear membrane (tig. 24, e), 

Archegonla.— The archegonia are 
borne on more or less erect branches or on 
branches spreading horizontally or ob- 
liquely somewhat above the surface of 
the substratum. They appear in re- 
stricted regions or cushions two cells 
thick along the margin of the thallus. 
They were found only on well-developed 
gametophytes and were more abundant 
on the peripheral branches of a clump 
than on those near the center. The young 
cushions appear not far behind the tip of 
an actively growing branch. The arche- 
gonia usually develop on the ventral side 
of the thallus — the side away from the 
light — ^but occasionally appear on the 
dorsal side (fig. 5), as was noted by 
Janczewski and Rostafinski in H. 
tunbridgense. The usual relation of the 
cushions to the tip of the thallus and the 
margin is shown in figures 2, 5, 7, and 8, 
although occasionally a small cushion 
with one or more archegonia was found 
in the central portion of the thallus (fig. 
5). The cushions vary greatly in size; 
most of those seen had two to twelve 
archegonia, but old cushions were found 
bearing only one archegonium (fig. 8). 
Even on large vigorous gametophytes 
only a few branches were found to bear 
archegonia, and these were branches 
which had broadened considerably. The 
slender elongated branches either were 
sterile or bore antheridia only. When a 
cushion develops, the margin of the thal- 
lus may remain unchanged in form, show 
a slight modification, or extend into 
more or less of a lobe (figs. 1, 6), but 
growth beyond the cushion is rare (fig. 
4). The enlargement of the cells on the 
dorsal side of the cushiop may not keep 
pace with that resulting from the devel- 
opment of archegonia on the ventral 
side. Then, particulariy in. the case of 
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large cushions which have formed a lobe, 
there may be a curling of the thallus 
which brings the archegonia into view 
from the dorsal side (fig. i). A ventral 
view of one with that habit is shown in 
figure 6. In H, holochilum there were a 
few cases in which antheridia were found 
arising from the archegonial cushion, as 
was found by Goebel (ii) in H. dilata- 
Sw. ; but ordinarily they were scat- 
tered on the one-layered portion of the 
thallus. Although, in general, rhizoids are 
restricted to marginal ceils and rarely 
appear farther back, they are sometimes 
borne on archegonial cushions (fig. 6). 

The archegonium begins its develop- 
ment in the manner typical of lepto- 
sporangiate ferns by the division of the 
initial into an outer cell which forms the 
primary neck cell and an inner cell (fig. 
25). This was observed by Janczewski 
and Rostaeinski in H. tunbridgense. In 
the material described in the present pa- 
per no cell was recognized with any de- 
gree of certainty as the archegonium ini- 
tial. The inner cell divides into a central 
cell and a basal cell, making the usual 
“row of three.’' At this stage the basal 
cell may be distinctly larger than the 
central cell which is made conspicuous by 
its dense protoplasmic contents rather 
than by its size (fig. 26). The primary 
neck cell divides in the usual manner into 
four cells, each of which gives rise to a 
row of neck cells (figs. 27, 28). The basal 
cell may divide horizontally while the 
archegonium is still very young, cutting 
off a tabular celb which is a precocious 
contribution to the jacket layer of the 
venter (figs. 29“3i, 33). In one young 
archegonium the wall in the basal cell 
was slightly oblique, making a wedge- 
shaped cell which did not extend com- 
pletely across the basal cell (fig. 31). 

After the separation of the primary 
neck canal cell and ventral cell, the next 
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division is that of the central cell to form 
the egg and ventral canal cell (fig, 34). 
The neck canal nucleus divides to form 
two nuclei which may be of considerable 
size and unusually conspicuous. The nu- 
cleus nearer the tip of the neck in figure 
35 measured 13.5 ju. In no case was a wall 
found between the neck canal nuclei. 
There were no archegonia found with an 
increase in the number of canal nuclei to 
three or four, as has been found in the 
Schizaeaceae, Gyatheaceae, and Dick- 
soniaceae. As the archegonium develops, 
the neck cells divide until there are six to 
nine, usually seven, cells in a row. The 
neck is approximately straight at ma- 
turity. The number and size of the cells 
in the rows may vary, giving a slight tilt 
to the neck, but the direction of the tilt 
is not constant. The juncture of the four 
cells at the tip of an approximately 
straight neck is often not in the longi- 
tudinal axis of the archegonium and sug- 
gests a slight inclination to one side (figs. 
3 S~ 37 )* The jacket layer of the venter is 
poorly developed in such stages as those 
shown in figures 35-37. It is much less 
conspicuous than in the higher families of 
leptosporangiate ferns and is more like 
that of the Marattiaceae. Figures 35-37 
show mature archegonia with three types 
of development of the basal cell: a hori- 
zontal division, a vertical, and a hori- 
zontal followed by a vertical in the cell 
adjoining the venter. Because fertiliza- 
tion and development of the embryo were 
not observed, there was no opportunity 
to see to what extent the jacket layer de- 
velops after fertilization. In the culture 
oi H. kurzii fertilization occurred occa- 
sionally, and young sporophytes ap- 
peared, but no stages of the embryo were 
found in the material which was im- 
bedded and sectioned. 

Regeneration. — Regeneration oc- 

curred frequently under certain condi- 
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tions in these four species of Hymenophyl- 
Imn. It usually was found on old branches 
where there was crowding or shading, es- 
pecially on the branches which became 
prostrate after having been more or less 
erect. In figure i there are several regen- 
erated branches (r), recognizable by their 
slender connections with the old branch. 
Regeneration usually occurs in regions in 
which some of the cells are beginning to 
turn brown and die. The brown areas are 
indicated by crosshatching in figures 38, 
40, and 41. Apparently any marginal cell 
on an old portion of the thallus is capable 
of division and may produce regenerated 
branches for a certain period. Figures 38 


and 44 show’ early stages; figures 39 and 
40, slightly later stages. A regenerated 
branch usually arises from a single mar- 
ginal cell, but occasionally the products 
of adjoining cells may combine for a 
longer or shorter period and later split 
away (figs. 40, 41). The first wall in the 
enlarging cell may be horizontal or ob- 
lique. The cell at the base may divide 
vertically or obliquely or remain un- 
divided (figs. 38, 39, 44, 45). The early 
divisions may arise from a cell with two 
cutting faces (fig. 39), or the first divi- 
sions may be alternately horizontal and 
vertical (fig. 40) or of a less regular pat- 
tern. Although regeneration results in a 



Figs. 2S-?>T.~~n . kurrJi: figs, 25-34, sUiges in development of archegonium; figs. 35 " 37 ) mature arche- 

'gonia.'-...' ■ . . ■ 
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type of branching, it is very unlike that 
which occurs at the apices. The regener- 
ated branches ultimately fall away from 
the parent plant and serve as a means of 
vegetative propagation. The early devel- 
opment of rhizoids, which is helpful in 
detaching the branches, was not seen in 
any of these species. Goebel (13) has 
figured it for an undetermined species of 
Hymenophyllum, and it is common in 
other families of ferns. Regenerated 
branches were found bearing antheridia 
while still attached to the parent plant 
(figs. 42, 43). 

None of the species of Hymenophyllum 


under investigation produced gemmae 
such as Goebel (ii) described for H. 
eximium and some undetermined spe- 
cies. Campbell (5) wrote that in an un- 
determined Hawaiian species of Hymeno- 
phyllum gemmae occurred abundantly 
on gametophytes which had ceased to 
form sex organs. 

Teichomanes 

Antheridia.— Antheridia appeared 
much less frequently than archegonia in 
these cultures of Trichomanes, particu- 
larly as the cultures aged. The antheridia 
were much less abundant at any time 
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than on the gametophytes of H. acan- (figs. 51, 53). A branch may bear a single 
thoides and IL kurzii. They did not have antheridium or develop them on several 
any definite position in relation to the successive cells. In only one case was an 
archegonia and were seldom found near antheridium found which was not on a 
them. The two types of sex organs were iiniseriate filament, and that -was in a 
observed on the same plant only in the . 4-year-old culture of T, aurimdatum (fig. 
case of r. auriculatum. This does not 56). 

necessarily mean that they occur on dif- The antheridia of the three species of 
ferent plants in T. bilabiatum, since in Trichomanes are, on the average, smaller 
tangled cultures of profusely branching than those of the four species of Hymeno- 
filaments it is difficult to be sure of the phyllum studied and are simpler in struc- 
relationship of branches detached for ex- ture. There is a basal cell which is disk- 
amination. The mature antheridium is like or wedgelike (figs. 46, 47, 5 i---S 3 j S 7 )j 
found on green branches, usually near and occasionally there are two basal 
the anterior end of a cell at some distance cells. The antheridium in its structure 
behind the tip of a filament; but in some suggests those of Alsophila rather than 
cases, particularly in T. maximum^ the those of Osmunda or Gleichenia. The 
antheridium is borne on a terminal cell number of sperms found in a cross section 
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of an antheridium of T. bilabialum is lateral branch but is larger in diameter, 
usually between ten and fifteen, but in There is usually a stalk cell (figs. 58, 60), 
the larger antheridia of the more vigor- but the archegoniophore may be sessile 
ous plants it may be as high as twenty- on the filament (figs. 59, 61). In either 
five (figs. 48, 50). The antheridia of T. case, divisions by intersecting walls lead 
auriculatum are smaller, and very few to the formation of a globular or ovoid 
were seen in which the number of sperms mass. The archegoniophore appears to 
in a cross section was higher than fifteen, develop, at least in the earlier stages, as if 
The antheridia of T. maximum are even from an apical cell with three cutting 
smaller, but, since the culture did not live faces. Then periclinal and anticlinal walls 
so long as those of the other two species, are formed, resulting in the formation of 
no opportunity was given for the devel- a globular, oblong, or irregular mass 
opment of the larger antheridia which without any obvious cell pattern (figs. 62, 
may be found on old vigorous game to- 65). Two archegoniophores may arise 
phytes. The dehiscence of the antlierid- from the same basal cell, or an arche- 
ium is brought about by the throwing-off goniophore may branch and give rise to a 
of the opercular cell (figs. 52, 54). Active secondary archegoniophore. The cell at 
sperms were seen in the earlier cultures the base in figure 67 arose from an older 
but, as in Hymenophyllum, were not and much larger archegoniophore. The 
found in cultures more than 7 or 8 years archegoniophores vary greatly in the 
old. Few sections were obtained in the number of archegonia which they pro- 
imbedded material because of the scar- duce. The meristematic activity of the 
city of antheridia in the cultures. archegoniophore may cease when there 

Archegonia. — ^These organs arise on are only two or three archegonia, al- 
specialized archegoniophores which de- though usually not until there are six or 
velop as lateral, rarely terminal, out- eight, or it may continue until there are 
growths from the filaments. The arche- over twenty. A large terminal arche- 
goniophores arise from green filaments goniophore of T. auriculatum showed 
which are always associated with pale nineteen archegonia in one view. The de- 
or colorless filaments conspicuous be- velopment of rhizoids on the arche- 
cause of the abundant development of goniophore or even on the archegonia is 
rhizoids— often two or even three on a not unusual (fig. 65). A few cases were 
cell (figs. 63, 64). The fertile branches found in which growth of the arche- 
were found in the periphery of vigorous goniophore was arrested before archego- 
clumps and not in the turflike regions in nia had developed, and on such struc- 
the center. The pale slender branches tures rhizoids were usually present (fig. 
cling closely to the substratum or pene- 66). These must be regarded as arrested 
trate its surface; the transition from archegoniophores and not as vegetative 
green cells to colorless is gradual to ab- branches, since they were more than two 
rupt. No archegoniophores were ever cells thick. ^ 

found on the expanded bladelike The archegonium initial as seen in sec- 
branches of T. auriculatum. (No ex- tion is wedge-shaped (fig. 67). The large, 
panded branches have ever developed in shaded upper cell in figure 69 is probably 
T. although it has been in cul- an initial, although its nucleus differed 

ft./ ture for over 10 years.) The initial cell of less strikingly from those in the cells 

» the archegoniophore arises like that. of a around it than the nucleus in figure 6.7, 


Figs. 58'-66.— Figs. 58, 61-63, 65, T. bihbiakm: figs. $8, 61, young archegoniophores; fig. 62, archegonio- 
phore with mature archegonia; fig. 63, green filaments with archegoniophore and colorless rhizoid-bearing 
filaments; fig. 65, archegoniophores with archegonia and rhizoids. Figs. 59, 60, 64, 66, T. auricnlatum: 
figs. 59, 60, young archegoniophores; fig. 64, green filaments with archepniophores of various ages and pale, 
rhizoid-bearing filaments; fig. 66, arrested archegoniophore with rhizoids. 
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The first division gives rise to the pri- 
mary neck cell (figs. 68, 70, 77). The sub- 
sequent horizontal division of the inner 
cell forms the central cell and the basal 
cell (fig. 69). As in Hymenophyllmn, the 


larger number than four. In cases in 
which the number was smaller, it was not 
certain that the archegonium had com- 
pleted its development, since spindles 
may be found in the terminal cells of the 




Figs. 67 79. Figs. 67-69, 71, 73-79, T. bilabiatmn: igs. 67-69, 76, longisection of archegonioohore 

TberranTfroL ‘ 73 - 75 , 77 , stages in development of archegoniL; £78, 

aberrant archegonium; fig. 79, old archegonium. Figs. 70, 72, T. auriculahmi: fig. 70, cross section of arcL- 
g niophore with two young stages of archegonium; fig. 72, young archegonium. 


powth of the central cell is retarded, and 
in the early stages the basal cell may be 
much the larger of the two (figs. 69, 70, 
72). The primary neck cell undergoes the 
usual divisions into four cells (figs. 69- 
72), and each of these gives rise to a row 
of four cells (figs. 76-79). The number of 
cells in the rows of the neck was found to 
be unusually constant in these two spe- 
cies. No archegonia were found with a 


neck when the axial row is complete and 
the archegonium of almost mature size. 
The archegonium shown in figure 77 was 
probably not mature; but in that shown 
in figure 78 growth had apparently 
ceased, and the archegonium may be re- 
garded as aberrant. The first division of 
the central cell separates the neck canal 
cell from the ventral cell (fig. 73). The 
next division results in the formation of 
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the egg and ventral, canal cell (fig. 75). 
As in Hymenophyllum^ there was no case 
found in which a wall separated the two 
neck canal nuclei; there was not even a 
suggestion of a break in the protoplast. 
There was no case found of an increase in 
the number of neck canal nuclei to three 
or four. As in Hymemphylluni^ the jacket 
layer of the venter is not well developed 
at the time the archegonium is apparent- 
ly mature or when the neck has opened 
(figs. 76-79). The basal cell may continue 
to show the pointed tip seen in the initial 
and early stages, or it may become more 
or less obtuse. Its form is determined by 
the number and position of the walls 
which impinge on it, and these factors are 
related to the extent to which cell divi- 
sion and enlargement have taken place in 
the archegoniophore. 

Fertilization was not found in any of 
these cultures, although sperms were dis- 
charged and swam vigorously. Arche- 
gonia opened and had the appearance of 
being receptive, but antheridia were not 
sufficiently abundant to give a favorable 
chance for fertilization. 

Apogamy. — Apogamous growths ap- 
peared in the cultures of T, auriculatum 
when they were about 4 years old. The 
simplest type was an expanded blade 
which bore not only rhizoids, which 
would be characteristic for such a struc- 
ture, but also glandular hairs such as are 
found on the sporophyte (figs. 80, 85). In 
other cases a leaflike blade with midrib 
developed; the midrib consisted, in part, 
of sclerenchymatous cells, and the leaf 
bore glandular hairs on the wings and 
midrib (figs. 81-84). The leaves in all 
these cases were found to bear rhizoids, 
sometimes filaments, as well as glandular 
hairs, and the rhizoids arose from the sur- 
face as well as from the margin. In some 
cases the apogamous structure arose 
from a filament which expanded either 


into a flat thallus-like blade or a leaflike 
blade (figs. 80, 82), while in other cases 
it arose from an archegoniophore but not 
from an archegonium (fig. 84). Figure 82 
shows an example of an abortive arche- 
gonium (ar) on the lower part of the 
thickened portion of the leaflike struc- 
ture which bore both rhizoids and glan- 
dular hairs. Except for this case, all the 
archegonia appeared normal in structure, 
and, as active sperms were produced, it 
seems probable that apogamy in T, 
auriculakm is facultative rather than 
obligate. 

Gemmae. — When the cultures of T. 
auriculatum were about 3 years old, 
gemmae appeared on certain branches, 
especially on the expanded blades which 
had first appeared in the cultures about 6 
months earlier. Gemmae have continued 
to develop in this species intermittently 
even though the gametophy tes have been 
producing sex organs and apogamous 
growths. No gemmae were ever found in 
T. bilahiatum. T]it gemma begins as a 
globular green cell on the tip of a spe- 
cialized cell, the sterigma, which arises as 
a flask-shaped cell at or near the tip of a 
filament or plate. The globular cell elon- 
gates and undergoes division vertically, 
obliquely, or horizontally (figs. 86, 87). 
As the gemma develops, the sterigma 
tends to lose its chlorophyll and becomes 
pale, but the gemma remains a vivid 
green. When gemmae develop in pro- 
fusion at the tip of a broad expanded 
branch, they are striking in appearance 
and suggest a miniature pompom, but 
they are most easily studied on uniseriate 
filaments or slender blades. One cell may 
give rise to two, three, or even more 
sterigmata or to short filaments which 
will in turn bear sterigmata and gemmae. 
Giesenhagen (10) presented a drawing 
of r. alatum in which there are at least 
ten sterigmata on the terminal cell of a 
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filament. The gemma usually elongates 
perpendicularly to the long axis of the 
sterigma. It divides into three, more 
often four, cells before it is cast off or 
pushed off (fig. 87). It may be neatly bal- 


Discussioa 

In the revision of the Hymenophyl- 
laceae by Copeland (6, 7) the four spe- 
cies of Hymenophyllum considered here 
are returned to two Presl genera— 



anced on the sterigma or may develop 
asymmetrically. Provision is made for its 
discharge from the sterigma by a change 
in the character of the terminal wall of 
the sterigma which separates it from the 
gemma (fig. 87, a). The brown scar in the 
area of separation remains visible for 
some time on the detached gemma (figs. 
87, b, c; go). Rhizoids develop, and the 
young plant is thus independent. 


Mecodium and Mefingiwn: H. bluMea- 
num Spr. = Mecodium polyanthos Sw.; 
H. acanthoides Ros. = Meringium acan- 
thoides (v.d.B.) Cope.; H. holochilum 
Chr. = Meringium holochilum (v.d.B.) 
Cope.; H. kurzii Prantl is not considered 
by Copeland to be distinct from H. 
holochilum. The three species of Tricho- 
manes are placed in the two genera Van- 
denboschia Copeland and Crepidomanes 
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.Presl: T. maxinmm Bl. = V. fnaxima 
(Bl.) Cope.; T. mmctdatum BL = F. 
auriculaia (Bl.) Cope.; T. bilabiatmn 
Nees and BL = Crepidomanes bilabiaium 
(Nees and BL) Cope. The separation of 
the Hymenophyllum group (the old 
genus Hymenophylluni) into different 
ojeiiera need not be considered in a dis- 




(the old genus Trichomams) is sufficient- 
ly set apart from that of HymemphyUtm 
in both vegetative and reproductive 
structures to make it necessary to con- 
sider it separately. The species assigned 
to V andenhoschia and Crepidomanes do 
not, however, suggest any generic differ- 
ences in the gametophyte. 



msem 




Figs. 86-90. — T. miricidatum, gemmae: fig. 86, stages in development of gemma; fig. 87, older gemmae; 
a, gemma ready to be cast off; b, c, detached gemmae; figs. 88, 89, portions of gametophyte with young 
sterigmata and old sterigmata from which gemmae have been cast off; fig. 90, young filament developed from 


sterigmata and old sterigmata from which gemmae ha' 
gemma. 

cussion of the reproductive structures of 
the gametophytes, as the differences be- 
tween these structures are not sufficient 
in the plants studied and the information 
about other species is far too meager at 
the present time. In the ferns we usually 
find that it is only between subfamilies or 
groups rather than between genera that 
differences in the gametophytes are suf- 
ficient for special characterization. The 
group differences and the occasional 
generic differences are more likely to be 
seen in the vegetative structures than in 
the reproductive. The Trichomanes giornp 


In an earlier paper dealing with the 
vegetative structure of these and several 
other species of the Hymenophyllaceae 
(three in the Hymenophyllum and one in 
the Trichomanes group) reasons were 
given, based chiefly on mode of germina- 
tion, for looking upon Hymenophyllum as 
the more primitive and Trichomanes as 
derived, in agreement with Bower (4) 
and Holloway (14, 15). Holloway (15) 
concluded from his investigation of Car- 
diomanes reniforme (Forst.) Presl (T. 
reniforme Forst.) that this species, which 
Copeland stated is perhaps the most 
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isolated in the family, is more closely 
related to Hymenophyllmn than to 
Trichomanes. 

The gametophytes of the H3Tneno- 
phyllaceae, so far as our knowledge ex- 
tends, are more sharply set apart by their 
vegetative habit from those of other 
leptosporangiate ferns than in the struc- 
ture of their reproductive organs. Such 
peculiarities as exist in the distribution 
of sex organs are determined chiefly by 
the peculiar vegetative habits. The dis- 
tribution of antheridia on the ribbon-like 
thallus as well as on the filaments of the 
Hymenophyllum group, and on the fila- 
mentous, or less frequently on the plate- 
like, gametophytes of the Trichomanes 
group, is not unlike that which may be 
found on ameristic prothalli of other 
leptosporangiate ferns. The distribution 
of archegonia presents greater differ- 
ences. The usual axial archegonial cush- 
ion is here replaced by discontinuous 
marginal cushions in the Hymenophyllum 
group and by discontinuous archegonio- 
phores in the Trichomanes group. 

The structure of the antheridium of 
Hymenophyllum has been likened to that 
of the Osmundaceae or of the Gleiche- 
niaceae. This simply means that they 
are of the primitive type, relatively large 
and complex with a large sperm output. 
The sperm output of Cardiomanes as in- 
dicated by Holloway’s figures and de- 
scriptions is even larger than that of any 
species of the Hymenophyllum group 
which has been described. The antheridia 
of the Trichomanes group are in general 
smaller and simpler. This may indicate a 
derived group, but it is also what might 
reasonably be expected from a smaller 
gametophyte of simpler organization. 

The archegonium conforms in general 
to the type found in the leptosporangiate 
ferns in both development and structure. 


The long straight neck of the Hymeno- 
phyllum group is usually associated with 
primitive ferns, and the shorter neck of 
the Trichomanes group is usually consid- 
ered a derived type. The straight neck is 
suggestive of the Osmundaceae. All ac- 
counts of the archegonium of Tricho- 
manes describe or figure it with a short 
neck of four celts or less in a row, except 
Bower’s account of T. pyxidiperum, 
which states that it has regularly five and 
often six or seven cells in a row. Cope- 
land has placed T . pyxidiferum in his 
new genus Vandenhoschia as V. pyxidi- 
fera (L.) Cope.; he has also transferred 
T. auriculatum to this genus. The length 
of neck in Cardiomanes places it closer to 
Hymenophyllum than to the Trichomanes 
group ; HoLLOWAY’sfigures indicate six to 
eight cells in a row. This is the usual con- 
dition in Hymenophyllum and the excep- 
tion in Trichomanes. The regularity of be- 
havior of the cells comprising the axigl 
row is apparently greater than that of the 
Osmundaceae, Gleicheniaceae, Schizaea- 
ceae, Cyatheaceae, or Dicksoniaceae, ac- 
cording to the results of the present in- 
vestigation. It should be noted that the 
ventral canal cell in both Hymenophyl- 
lum and trichomanes occupies less space 
in the venter and more in the neck than 
is usual in the ferns. Although an unu- 
sually early division of the basal cell is 
common in these species, there is a re- 
tarded development of the jacket layer of 
the venter, such as occurs in the Marat- 
tiaceae. Holloway’s figures of the ma- 
ture archegonium of Cardiomanes, indi- 
cate that it also has a meager develop- 
ment of the jacket layer. This peculiarity 
may be related to the specialized habit — 
the thin archegonial cushions of Hymeno- 
phyllum and the tuber-like archegonio- 
ptioxe. oi Trichomanes. 

The provision for vegetative propaga- 
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tion by means of gemmae has apparently 
been developed more frequently in the 
Trichomanes group than in that of Hy- 
menophyllum. Cultural experiments are 
needed to determine what the conditions 
are which lead to the formation of 
gemmae. 

The discovery of apogamy in T, 
auriculatum adds a third species to those 
previously reported for the Hymenophyl- 
laceae: T. datum Sw. which is left in the 
genus Trichomanes in Copeland’s revi- 
sion, and T. kaulfussii Hk. and Grev. 
which is given as Macroglena setacea 
(v.d.B.) Cope. No case of apogamy has 
been reported for Hymenophyllum. 

Summary 

1. An account is given of reproduction, 
both sexual and vegetative, in four spe- 
cies of Hymenophyllum which were in cul- 
ture from 6 to lo years and of three spe- 
cies of Trichomanes in culture from 15 
months to 10 years. 

2. The gametophytes of H. holochilum 
and H, kurzii are monoecious; they bore 
antheridia when about 20 months old 
and archegonia a month later. Those of 
H. acanthoides are apparently dioecious; 
they bore antheridia and archegonia 
when 3 1 years old. Those of H, hlumea- 
num are apparently dioecious; they bore 
archegonia when 3I years old, but no 
antheridia were ever found in the cul- 
tures. 

3. The antheridia of the three species 
oi Hymenophyllum are relatively large, 
complex, and unsymmetrical. They are 
borne on cells at or near the margin, usu- 
ally on the lower surface, of the ribbon- 
like thallus. 

4. The archegonia of Hymenophyllum 
develop on meristematic, marginal, rare- 
ly central, areas which are two cells thick 


and lie close behind the terminal meri- 
stem. Permanent tissue one cell thick de- 
velops between the successive fertile 
cushions. The archegonia are usually 
borne on the ventral surface. A few spore- 
lings appeared in cultures of //. kurzii, 
but fertilization was not observed, and 
no embiyms were found in the prepara- 
tions. 

5. The development of the archego- 
nium follows in general the pattern of the 
other leptosporangiate ferns. The axial 
row consists of egg, ventral canal cell, 
and neck canal cell with two nuclei. The 
basal cell usually divides early, but the 
jacket layer of the venter is not well de- 
veloped when the archegonium matures. 
The neck is approximately straight with 
six to nine cells in each row. 

6. Regenerated branches appear abun- 
dantly on marginal cells of old portions 
of the thallus in all four species of 
Hymenophyllum. 

7. The gametophytes of T. auricula^ 
turn and T. bilabiatum bore antheridia 
when 9 months old and archegonia about 
a month later. T. maximum bore antheri- 
dia at I year but died 3 months after- 
ward without producing archegonia. 

8. The antheridia of the three species 
of Trichomanes are smaller than those of 
Hymenophyllum and less complex. 

9. In Trichomanes the archegonia ap- 
pear on archegoniophores which develop, 
with or without a stalk, as a lateral, 
rarely terminal, outgrowth from the fila- 
mentous gametophyte. The archegonium 
develops from a wedge-shaped initial in 
which the first divisions form the pri- 
mary neck cell, the central cell, and a 
pointed basal cell. The basal cell often 
divides early by a wall perpendicular to 
the surface of the egg. The neck is 
straight, and in the two species investi- 
gated there are regularly four cells in 
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each row. Fertilization was not observed, 
and no normal embryos were found in the 
cultures. 

10. Apogamy was of frequent occur- 
rence in r. auriculatum from the time the 
cultures were 4 yearn old. The apogamous 
growths arose from filaments, from 
biadelike expansions, or from arche- 
goniophores. They appeared as leaflike 
blades, often with a midrib consisting in 


part of sclerenchymatous tissue. The 
bladelike structure bore both rhizoids 
and sporophytic glandular hairs. 

II. The gametophytes of T. auricula- 
turn produced gemmae on specialized 
sterigmata either on filamentous branches 
or, more frequently, at the tip of the 
bladelike expansions. 

Mount Holyoke College 
South Hadley, Massachusetts 
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DEVELOPMENT, CELL SHAPE, SUBERIZATION OF INTERNAL 
SURFACE, AND ABSCISSION IN THE LEAF OF THE 
VALENCIA ORANGE, CITRUS SINENSIS 

FLORA MURRAY SCOTT MARY R. SCHROEDER, AND FRANKLIN M. TURRELL 

Introduction 


An understanding of citrus leaf struc- 
ture is part of the background necessary 
for the attack on such current problems 
as sulfur injury, spray-oil penetration, 
and the physiology of growth of the tree 
as a whole. Previous publications listed 
in the recent monograph of Webber and 
Batchelor (50) include numerous 
studies on specialized leaf structures and 
functions but no single connected ac- 
count of the anatomy of the developing 
leaf . In earlier papers oil glands and crys- 
tal idioblasts were discussed in more or 
less detail (25, 28, 36, 39, 43), while more 
recent investigations have been con- 
cerned with structure in relation to 
specific function (6, 7, 8, 9, ii, 32, 33, 47, 
48, 49), This trend toward physiological 
anatomy is evident in the investigations 
on other leaves and has also been dis- 
cussed in various reviews (i, 2, 3, 4, 5, 
19, 29, 46, 51, 52, 53). The present paper, 
a study of foliar organization, to use 
Wylie’s term (53), gives a connected ac- 
count of leaf development in the Valencia 
orange from primordium to abscission. 
In it are presented certain findings 
hitherto unrecorded in the extensive lit- 
erature on cell shape (13, 14, 15, 22), 
position of cell walls (37, 38), internal 
surface (45, 46), and abscission (12, 16, 
17,18,20,26,27,41). 

Material and methods 

The leaf of the Valencia orange is uni- 
foliolate in type, pinnate-reticulate in 


venation (fig. 14), and generally remains 
on the tree for 2 years or more (50). Nor- 
mally under orchard conditions it ab- 
scises first at the junction of lamina and 
petiole and later at the node. 

Growdh-rate studies of length and 
width of Valencia orange leaves were 
made on five tagged intact leaves on a 
vigorous 1 2-year-old tree growing in the 
experimental orchard of the Citrus Ex- 
periment Station at Riverside. Material 
for leaf-thickness studies was selected 
weekly from a population of tagged 
leaves on the same tree. At the time of 
tagging all leaves were approximately 5 
mm. in length. 

Fresh material was used in the ana- 
tomical study of all except the youngest 
stages of growth. This is particularly im- 
portant in dealing with abscission. Stem 
tips with leaf primordia were fixed in 
formalin-acetic-alcohol and thereafter 
imbedded, sectioned, and stained with 
Delafield’s haematoxylin, safranin, and 
fast green or with erythrosin and crystal 
violet (10, 21). Similar material, cleared 
in hot or boiling chloral hydrate until 
transparent and mounted in glycerin di- 
rectly or after treatment with phloro- 
glucin and HCl, demonstrated the origin 
of pro vascular and vascular tissue, and 
also the distribution of oil glands, 
stomata, calcium oxalate, and hesperi- 
din. 

Cell shape and intercellular spaces 
were studied on paradermal and trans- 
verse sections of fresh material cut by 
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hand or on the freezing microtome, and 
the results were confirmed by the study 
of similar sections of imbedded leaves of 
all ages. 

Plasmodesmatal connections were 
readily demonstrated, though not per- 
manently preserved, by killing in IKI 
and thereafter irrigating slowly with 
8o% H2SO4. Continuous observation 
during this test is essential Protoplasm, 
including nuclei and plastids, is stained 
deep brown. On the addition of the acid, 
cellulose walls swell, become blue, and 
sooner or later disintegrate, leaving a 
perfectly defined protoplasmic reticu- 
lum. If the acid enters rapidly, then the 
plasmodesmata become very much 
stretched, but if it is allowed to percolate 
slowly under the cover slip, then the 
protoplasmic strands remain approxi- 
mately their normal length, the thick- 
ness of the cell wall. 

The IKI-H2SO4 method was also used 
in demonstrating the occurrence of 
suberin lamellae in intercellular spaces 
in the middle lamellae, and as a tertiary 
layer within the cell. 

Standard microchemical tests were 
used in studying the distribution of 
starch, calcium oxalate, and fatty sub- 
stances (44). Steimetz fluid was useful 
occasionally in the examination of fresh 
material (21). Preliminary immersion 
overnight in IKI accentuated clearly and 
simultaneously the distribution of starch, 
fat, lignin, and suberin. 

Observations 

The development of a leaf is a continu- 
ous process, but, for the sake of clarity 
in description, it will be discussed under 
the following headings: (a) resting bud 
and meristematic primordia; (6) expand- 
ing leaf; (c) maturing leaf; and (d) leaf 
fall. The first three phases— meristemat- 
ic, expanding, and maturing— are direct- 


ly related to the growth regions of the 
shoot— apical meristem, region of elonga- 
tion and differentiation of primary tis- 
sues, and region of secondary thickening 
— while the fourth phase is followed by 
leaf-scar formation. 

Resting bud and meristematic 

PRIMORDIA 

Between “flushes of growth’ the rest- 
ing bud is covered by three to five small 
green bud scales which are roughly tri- 
angular in outline, swollen at the base, 
and blunt or tapering at the apex. Tri- 
chomes one- or many-celled, may occur 
along the scale margins (fig. 15). The 
scale leaves may occasionally dry out and 
appear shriveled and brownish in color. 
Within the bud scales lies the apical 
dome, encircled by eight leaf primordia. 
The number of leaf primordia is predict- 
able from the phyllotaxy, f, as evident 
in older twigs. 

At the beginning of growth as the 
scales are shed, the leaf primordia range 
in size from the microscropic arc of leaf 
I to the slender blade and petiole, approxi- 
mately 2 mm. in length, of leaf 8 (figs. 2, 
3, 12). In primordium 2, which overlaps 
the apical dome (fig. 4), the median pro- 
vascular strand differentiates acropetally 
and is flanked by vacuolating dividing 
cells. Spiral elements appear at the base 
of leaf j, trichomes at its apex (figs. 5, 6). 
The initiation of blade development ap- 
pears in slight lateral swellings of pri- 
mordium 4j and in this primordium is 
also foreshadowed the differentiation 
into lamina and petiole (figs. 7, 13). The 
midrib extends as far as the first clearly 
defined terminal oil gland. Stomata are 
present on the dorsal surface. In primor- 
dium 5 the midrib forks right and left of 

* The terms “flushes of growth,” “growth 
flushes,” or “growth cycles” indicate the times of 
year, spring or fall, when new leaves are produced. 


I94S! 


SCOTT ET AL.--ORANGE LEAF 


3S3 


the terminal oil gland. The asymmetry 
characteristic in later growth is evident 
in the unilateral development of spiral 
elements (figs. 8, ii). 

Up to this point the leaf primordia 
consist mainly of midrib tissue, but in 
primordiiim 6 the flanges of marginal 
meristem become active, and the blade, 
at this stage folded, begins to appear 
(fig. 9). The future absciss layer between 
blade and stalk is indicated by a con- 
striction. Trichomes are more or less 


Expanding leaf 

Although the leaves of deciduous 
plants such as Vilis expand and mature 
in the relatively short period of 40 days 
(23), the leaves of evergreen trees such 
as Citrus and Abies expand and mature 
much more slowly. In Abies lasiocarpa, 
for instance, growth in blade length con- 
tinues for more than 2 years (40). In 
order to determine the period of growth 
of Valencia orange leaves, five leaves ap- 
proximately 5 mm. in length (this size of 



Fig. I. — Average corresponding increases in dimensions of five Valencia orange leaves 0.6 cm. in length 
from spring until fall flush of growth. .4, leaf thickness. B, blade length. C, blade width. Blade length and 
width are given on left ordinate in centimeters; blade thickness on right ordinate in microns; time in dsiys 
on abscissa. 


frequent on the ventral surface and are 
most conspicuous at the proximal end 
of the lamina and on the distal end of the 
petiole. Additional oil glands are ap- 
parent — also stomata in various stages 
of differentiation on the dorsal surface. 
Spiral vessels are now differentiated in 
both prongs of the apical fork of the mid- 
rib surrounding the terminal oil gland 
(fig. 10). 

Primordia 7 and 8 , the remaining 
leaves of the meristematic phase of 
growth, measure 1.8 and 1.9 mm. long, 
respectively, and in them further devel- 
opment of blade, vascular tissue, oil 
glands, and stomata is apparent. 


leaf is the smallest which can be handled 
without injury) w^ere tagged in spring, 
and their length and width were meas- 
ured and recorded weekly until early fall. 
The following measurements of growth 
therefore date from the time that the 
leaf had attained a length of 5 mm. At 
the time of each weekly measurement 
five other leaves of approximately the 
same size were picked, fixed, imbedded, 
and sectioned in order to determine 
blade thickness. All measurements of 
blade thickness were made near the cen- 
ter of the lamina. 

Growth in blade length and width ini- 
tiated during the spring flush of growth 






Figs i2-"i7 Fig. 12, detail of longisection of apical meristenij showing primordium i and base of 2 
(camera lucida). Fig. 13, detail of beginning of lamina of primordium (camera iucida). Figs. 14-17. general 
structure of leaf. C 40 , calcium oxalate; COL, collenchyma; EP, epidermis; F, fiber; gland; Gi? groove; 
75 , intercellular space; PAL, palisade; PH, phloem; S, stoma; SP, spong>^ mesophyll; 5 F, spiral vessel; 
X xylem. Fig. 14, diagram of mature leaf, showing principal veins. Fig. 15, diagram of leaf scale. Fig. 16, 
diagram of transection of mature leaf, showing distribution of tissues. Fig. 17, transection of mature leaf, 
showing small vein and other tissues. 
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continued for about 130 days (fig. i). 
Two marked periods of accelerated 
growth occurred within this time, the 
first after 13 days. This was followed by 
a period of decreased rate of expansion, 
which continued until about the ninetieth 
day. A second period of rapid expansion 
then began, which continued until the 
leaf was approximately 128 days older 
than the initial stage. The two 

periods of rapid expansion coincide with 
the spring and fall growth flushes. The 
rate of increase in blade length is con- 
sistently a little greater than the rate of 
increase in blade width. 

TABLE 1 

Measurements in microns of typical indi- 
vidual CELLS IN YOUNGER AND OLDER 
LEAVES AS SEEN IN TRANSECTION OF MID- 
LEAF 



Epidermis 

Mesophyll 

Young leaf 

14X14 

Undifferentiated 

(0.7X0. 2 cm.) 


15X15 

Old leaf 

19X15 

fPalisade 

(11X5.8 cm.) 


r 28X10 



1 Spongy 



1 38X38 


The rate of increase in leaf thickness 
during the first 65 days is relatively 
more rapid than is the rate of increase in 
either blade length or width. Full thick- 
ness is attained in about 80 days (fig. i). 
The tree is thus provided with a poten- 
tially highly functional new photosyn- 
thetic leaf area for the winter season. 
A study of the rates of expansion in leaf 
dimensions and their timing indicates 
that fundamental changes occur in the 
sizes of cells of the various laminar tis- 
sues. That interaction of rate and time 
of cell expansion determines to a large 
degree cell shape within the leaf will be 
shown later. 

The expanding leaf reaches its full size 
during the second phase of development. 


During this phase it is light-green in 
color, soft in texture, and wilts immedi- 
ately upon picking. The lamina and 
winged petiole are delimited by the 
groove marking the future laminar ab- 
scission layer. The midrib projects on the 
dorsal surface and is marked by swellings 
at the junction of leaf blade and stalk 
and also at the leaf base. Orientation of 
the leaf in relation to light frequency re- 
sults in torsion of the leaf base. 

During this period of expansion, dif- 
ferentiation of primary tissues is com- 
pleted. Palisade and spongy mesophyll 
appear and, concurrently, the intercel- 
lular spaces. Stomata, oil glands, calcium 
oxalate, idioblasts, and vascular tissues 
continue to develop (figs. 16, 17). In- 
crease in cell size is indicated in table i. 

Vascular tissue and abscission 
ZONES. — During the second phase of de- 
velopment the primary vascular system 
is completed (fig. 18). At the leaf tip, 
elongate spiral elements differentiate, 
first, along the vascular fork. Irregular, 
shorter, and thicker cells appear later 
and are frequently roughly isodiametric 
in outline and project from the main sur- 
face of the vein. Lateral veins arise 
basipetally and asymmetrically, the first 
proximal to the apical oil gland (fig. 19). 
Within the lateral provascular strands, 
differentiation of spiral elements pro- 
ceeds in continuous linear series from 
midrib to leaf margin and thereafter in 
both directions toward leaf tip and leaf 
base, At the same time discontinous foci 
of spiral vessel differentiation and ligni- 
fication appear along the marginal veins 
(figs. 20, 21). Provascular and vascular 
differentiation keeps pace with oil-gland 
formation, and developing veinlets may 
be traced from the marginal veins to the 
oil-gland bases. 

While the main pattern of venation — 
midrib, laterals, and marginal veins— is 


Figs 18-21.— Venation. G, gland; PVST, provascular strand; SV, spii-al vessel. Fig- 18, cleared leaf 
6 mm long, showing midrib cleft at leaf tip, lignification of midrib and major laterals, differentiating pro- 
iscular nstwoTk and glands. Fig. 19, detail of leaf tip (level /). Figs. 20, 21, discontinuous lignification near 

af margin (fig» 20, level -T// fig* 21, level///). 
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being defined, the interlateral areas dif- 
ferentiate into a mosaic of vein islets. 
The size of vein islets or areoles is ex- 
tremely variable (figs. 22, 23). In the 
smaller veinlets, spiral elements may 
differentiate in linear series from midrib, 
laterals, or marginal veins. As in the case 
of the marginal veins, however, discon- 
tinuous foci of lignification also appear. 

The nodal structure is readily seen in 
cleared material (fig. 24). Three leaf 


includes sieve tubes, companion cells, 
and phloem parenchyma. The xvlem 
consists, at first, of primary spiral ve sels 
and occasional tracheids only, while sec- 
ondary pitted vessels, tracheids, and 
xylem fibers differentiate later. As in the 
stem, the outer pith is made up of smaller 
elements which grade into the larger cells 
of the central core. 

The anatomy of the midrib is modified 
in the laminar and nodal abscission re- 


Figs. 22-24. — Venation and 
ticularly clear along leaf margin, 
leaf traces. 


traces enter the leaf base, the largest of 
which — the median — is flanked by two 
smaller laterals. Within i mm. of the 
base, the traces unite to form a siphono- 
stele which continues throughout the 
petiole and the greater part of the mid- 
rib. The outline of the stele, except in the 
laminar abscission region, is roughly 
semicircular, the diameter ventral in 
position (fig. 80) . The stele is delimited 
by a starch sheath and by a more or less 
continuous cylinder of pericyclic fibers' 
which become lignified except in the 
laminar and nodal abscission regions. 
The vascular tissues of the midrib are 
similar to those in the stem. The phloem 


gions (figs. 25-27, 29, 30). Structural 
weakness is evident in both— in the lack 
of lignification of the pericyclic fibers, the 
shortness of the vessel segments (fig. 28), 
and the increase in the vascular paren- 
chyma. In older leaves when secondary 
thickening begins concurrently in stem 
and petiole, the inherent weakness is 
further accentuated in the comparative 
lack of xylem fibers and their unlignified 
condition if present. 

The laminar abscission region differs 
from the nodal iii the presence of a defi- 
nite abscission zone (fig. 31). This band 
of cells, approximately ten layers deep, 
lies at the distal end of the petiole almost 


Figs. 25-31.— Abscission. ABZ, abscission zone; CX, cortex; F, fiber; G, gland; L, lamina; LAB, laminar 
abscission zone; NAB, nodal abscission plane; P, petiole; PP, petiole l^se; SV, spiral vessel. Fig. 25, dia- 
gram of longisection through lamina, petiole, and leaf base. Figs. 26, 27, diagrams of longisections 
through abscission zones, laminar and nodal, respectively . Fig. 28, camera lucida drawing of vessels from ab- 
scission zones, showing short vessel-segments, Figs. 29, 30, diagrams of paradermal sections below and 
through midrib in laminar-petiolar abscission region. Fig. 31, soft green leaf, cortex of midrib; parader- 
mal section showing dividing cells. 
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level with the groove and is distinguished 
by the smaller size of cells, lack of inter- 
cellular spaces, and comparatively pro- 
longed meristematic activity. lAbscission 
eventually occurs along the separation 
layer, the distal face of the absciss zone. 

In contrast, no definitive abscission 
tissue is present in the nodal abscission 
region. The line of rupture is first indi- 
cated in older leaves by differential dis- 
tribution of starch and intercellular 
spaces. 

Epidermis and cortex. — Epidermal 
cells are polygonal in outline and more or 
less uniform in size. The outer walls are 
cutinized and coated with wax, which is 
secreted through minute canals similar 
to those in the fruit rind. On treatment 
of sections with IKI-H2SO4 it is evident 
that these canals are lined with proto- 
plasmic threads similar to plasmodes- 
mata. Protoplasmic activity within these 
channels is presumably responsible for 
the maintenance of the waxy surface 
(figs. 40, 41). 

The comparative uniformity of the 
epidermal mosaic is broken by stomatal 
areas and gland cover cells. Stomatal de- 
velopment may be followed from the leaf 
primordia onward and resembles that 
seen in the fruit rind (figs. 32-38). The 
stomatal mother cell is first distinguished 
by its isodiametric outline and the com- 
parative density of the protoplast. When 
cell division occurs, the daughter cells 
assume the characteristic outline of 
guard cells. Thickening and cutinization 
along the median third of the dividing 
wall mark the position of the future 
stoma. Meanwhile, the surrounding cells 
divide by walls roughly parallel to the 
circumference of the guard cells. Ulti- 
mately, the mature guard cell is bordered 
more or less completely by a zone of nar- 
row accessory cells similar to, but fewer 
in number than, those in the fruit. As in 


the fruit, the accessory cells are but thin- 
ly cutinized and disintegrate very soon 
upon treatment with IKI-H2SO4, while 
the rest of the outer wall of the epidermis 
persists intact (fig. 39). Stomata are nu- 
merous on the lower surface of the leaf 
while only a few appear along the midrib 
on the upper. Variation in stomatal num- 
ber and distribution has been discussed 
in numerous previous papers (8, 32). 

Gland cover cells are distinguishable 
principally by their translucence, result- 
ing from the increased oil content of the 
protoplast and walls, and also by their 
roughly radial orientation. 

The cortex of the petiole includes 
chlorenchyma and collenchyma. The 
former consists of comparatively short 
palisade cells continuous with the pali- 
sade tissue of the petiolar wings. Col- 
lenchyma occurs as longitudinal strands 
above and below the midrib, at the level 
of the laminar groove, and also at the 
leaf base, where it encircles the stele. 

Internal surface, spongy and pal- 
isade PARENCHYMA. — Differentiation of 
spongy and palisade parenchyma and, 
concurrently, of intercellular spaces, is 
completed during the second phase of 
development. In figures 42-46 are indi- 
cated the cross-sectional areas of inter- 
cellular spaces at various levels of the 
fully expanded leaf. These areas are of 
maximum size at vein level, i.e., in mid- 
mesophyll, near the center of the leaf 
areoles. Development of intercellular 
space depends on the differential dura- 
tion of cell division in the various tissues. 
Cell division ceases, first, at vein level, 
and the cells of the middle mesophy 11 
thereafter keep pace with continuing leaf 
expansion by stretching growth only and 
differentiate as the large and characteris- 
tic armed cells of the spongy mesophyll. 
Meanwhile, in the remaining tissues— 
upper epidermis, palisade, lower spongy 


1 IGS. 32-41. — Differentiation of stomata and epidermal cells, CAO, calcium oxalate; GC, guard cell; IS, 
intercellular space; .VIF, new wall; PD, plasmodesmata; PL, plug; PT, pit; RC, respirator}- chamber; 
remains of guard cell; S, stoma; SB, suberin; SC, subsidiary cell; SE, subepidermal cell; SMC, stomata! 
mother Cell; I'iTX, wax; PFXC, wax canal. Figs. 32, 33, 34, surface of epidermis; stomatal mother cell and 
two early stages of differentiation; subsidiary cells in %. 34; size of mother cell 9 X 8 Figs. 35, 36, fur- 
ther stages of differentiation, with underlying hypoderraal cells, intercellular spaces, and calcium oxalate 
idioblasts. Fig. 37, mature stoma surrounded by subsidiary cells, lightly cutinized in comparison with other 
cells. Fig. 38, mature leaf, transection of stoma, showing suberization of intercellular space. Fig. 39, mature 
stomatal area after treatment with IKI-H2SO4, showing dissolution of subsidiary cells. Fig. 40, epidermal 
cells, surface view, after treatment with H2SO4, showing wax canals. Fig. 41, mature leaf, transection of 
stomata during treatment with IKI-H2S04, showing suberization of respiratory chamber, stomatal plug, 
wax canals, stratification of epidermis, and plasmodesmata. 
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mesophyll, and lower epidermis — cell di- 
vision continues considerably longer. As 
a result, the cells of these tissues, in their 
small size, contrast markedly with those 
of the central spongy layers. 


Figs. 42-46. — Tissues of mature leaf at different 
levels to show intercellular spaces. IS, intercellular 
space; FD, plasmodesmata. Fig. 42, lower epidermis. 
Fig. 43, hypodermis. Fig. 44, lower spongy meso- 
phyll. Figs. 45, 46, mid-mesophyll. 


In meristematic tissues new cell walls 
are distinguished first as tenuous mem- 
branes ensheathed in a protoplasmic 
plate. As they become clearly defined, 
they are seen invariably to become an- 
chored to the wall of the parent cell in 
plasmodesmatal areas’ (figs. 111-112). 

The cells of the palisade and spongy 
tissues, though differing markedly in 
mature form, nevertheless follow the 


same fundamental pattern of develop- 
ment next to be considered in detail. 

In spongy tissue two principal cell 
shapes occur, the eight-armed cell (figs. 
47 '"S 7 ) and the six-lobed cell (figs. 58- 
68). The eight-armed cells occur near the 
center of the areoles at vein level, while 
the six-lobed cells compose the marginal 
tissue closer to the veins and the lower 
spongy parenchyma. 

The meristematic cells of the leaf pri- 
mordia are typically tetrakaidekahedral 
in outline (30). Cell division continues 
while the cells expand and become spheri- 
cal and while, at the same time, inter- 
cellular spaces appear. All cells, however, 
remain interconnected by plasmodes- 
mata, eight in the case of the typical 
spherical element. Gradually, cell divi- 
sion slows down and stops, first in mid- 
areole at vein level. The mid-mesophyll 
tissue thereafter keeps pace with growth 
in area of the leaf as a whole, by expan- 
sion of both cells and intercellular spaces. 
The erstwhile spherical cells expand more 
or less evenly in all directions, becoming, 
first of all, eight-lobed and, finally, eight- 
armed. The mid-mesophyll in mid-areole 
is the zone containing the largest inter- 
cellular spaces found within the leaf. The 
eight-armed cells are similar in form, 
though not in size, to the typical albedo 
cells of the citrus rind. 

The shape of mature cells is deter- 
mined by the time of cell division in rela- 
tion to the expansion of the lamina as a 
whole. In considering differentiation of 
the six-lobed cell, it is necessary to study 
the effects of cell division on the number 
of cell contacts. In meristematic tissue, 
when active cell division occurs, the num- 
ber of contacts is temporarily altered to 
more or less than eight. Thus in optical 
section any one meristematic cell may 
connect with three, four, five, seven, or 
more adjacent elements. During this pe- 
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riod of active division, the fundamental 
I hexagonal pattern of structure remains 

I obvious in the distribution of the larger 

and older and of the smaller and younger 
intercellular spaces and also in the con- 
stantly recurring restoration, during 
growth, of the initial six-cell contacts. 
The relative time of division, more or 
less recent, is indicated by the thinness 
and orientation of the new cell walls. If 
a typical spherical cell with eight con- 
tacts divides twice in rapid succession 
and if the adjacent cells are not at this 
moment dividing, then three daughter 
cells result, each of which is in contact 
with six others. Sooner or later thereafter 
the original intercellular spaces enlarge, 
and, in the center of the daughter cells, a 
new space appears. Three daughter cells, 
six-lobed, in contact with four cells (opti- 
cal section) and with two others above 
and below, are illustrated in the photo- 
graphs of the plastic models constructed 
by one of us from camera lucida drawings 
of the cells of a lemon leaf vein islet 
(figs. 69, 70). 

, In the mature palisade (figs. 71-77) 

similar typical cell shapes are distin- 
guished, such as eight-contact and six- 
I contact cells. These are the counterparts 

of the eight-armed and six-lobed cells of 
the spongy mesophyll, but in them the 
plasmodesmata pass through barely de- 
fined papillae or low ridges instead of 
through well-developed arms or lobes. In 
palisade tissue, cell division continues 
! later than in the spongy tissue, with the 

result that all cells are considerably 
smaller. 

The pattern of development in pali- 
, sade tissue resembles that in spongy 

! parenchyma. Palisade cells, like spongy, 

: differentiate from tetrakaidekahedra 

which are indistinguishable, except by 
; position, from future spongy mesophyll 

1 elements in the leaf primordia. The pali- 


sade polyhedra become spherical, and 
intercellular spaces develop, while plas- i 

modesmata, typically eight per sphere, i' * 

maintain intercellular connections. ATry 
soon after the appearance of intercellular 
spaces, divergence in development oc- 
curs. When the leaf measures ± 3 cm. in j ‘ 

length, the palisade ceils elongate, be- ’ 

come ellipsoidal, and assume their char- ' 

acteristic outline. r., 

In the mature leaf the palisade cells j 

vary greatly in diameter, and the diame- 
ter of the largest may measure more than i 

twice that of the smallest, + 15 ^ in con- 
trast to ± 6,u (figs. 73, 74). The larger 
cells, in general, occur near mid-areole, 
while the smaller line the areolar mar- 
gins. The time of cell division in relation 
to leaf expansion as a whole is respon- 
sible for the number of cell contacts. If a 
palisade cell differentiates early in the 
middle of a leaf areole and is relatively 
free to expand in width as in length, then 
such a cell remains connected by plas- 
modesmata with eight other cells. In 
optical sections parallel to the leaf sur- 
face these typical eight-contact cells ap- 
pear surrounded by six others. If, on the 
other hand, cell division occurs relatively 
late and free expansion is not possible, 
then the number of contacts is altered 
to more or less than eight. 

Plasmodesmata in the mature palisade 
cells are of two types, pit and diffuse 
(figs. 75, 76, 77). The former occur com- 
monly near the outer and lower ends of 
the cell, terminal or subterminal in posi- 
tion. The latter, the diffuse, consist of J 

very numerous slender single strands 
which may interlock adjacent cells 
throughout the entire vertical length of 
the cell wall. Presumably they either 
may result from separation of initial A, 

strands during cell- wall extension or may 
originate directly during the latest divi- 
sion of the cylindrical cells. 



Figs. 47-57- — Differentiation of eight-armed ceils. IS, intercellular space; M, mitosis. Figs. 47, 48, dia- 
grams of transection of tetrakaidekahedra and spheres. Figs. 49, 50, diagrams of increased intercellular 
spaces and resultant lobe and branch formation. Figs. 51-57, camera lucida drawings for comparison with 
diagrams. Figs. 51, 52, transections of soft green leaf, meristematic stage. Cf. figs. 47, 48. Fig. 53, tangential 
section of lower mesophyll of mature leaf, showing lobed cells (cf. fig. 49). Fig. 54, transection of mature leaf 
showing armed cells of spongy mesophyll (cf. fig. 50). Figs. 55, 56, eight-armed cells from mid-mesophyll. 
Fig- 57. six-armed cell. 
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Figs. 58-68. — Variation in cell contact number, due to cell division and differentiation of six-lobed cells. 
BSy bundle sheath; IS, intercellular space; NW, new wall. Figs. 58-61, diagrams. Fig. 58, transection of 
tetrakaidekahedra in which division is taking place by two successive walls. Fig. 59, transection of sphere 
formed as tetrakaidekahedra round off. Figs. 60, 61, further development of intercellular space. Figs. 62-68, 
camera lucida drawings for comparison with figs. 58-61. Figs. 62-65, transections of soft green leaves in 
meristematic stage, showing formation of new cell wails. Figs. 66, 67, paradermal sections of two stages in 
differentiation of mesophyll. Fig. 68, paradermal section of mesoplwH (cf. figs. 59, 60, 61). 
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Ergastic substances — ^The princi- mottled, the areoles becoming lighter and 
pal ergastic substances which may be the veins a darker green (figs. 78, 79). At 
distinguished microscopically are starch, this time of year (November), mottling 
calcium oxalate, fatty substances, and results from differences in chloroplast 
the usual wall materials, including suber- size and starch content. In tight areas the 


Figs, 69, 70.— Photographs of lucite models of spong}^ mesophyll cells of lemon leaf; cells made to scale 
from camera lucida drawings. Fig. 69 (left), triad arrangement around vertically inclined intercellular 
spaces. Four lateral lobes and one of two vertical lobes of each cell are shown. Lateral lobe faces are at 120° 
and 60° angles. Fig. 70 (right), cells arranged in fours around intercellular spaces. Replacement of single cell 
oriented along intercellular space in longer dimension in this grouping by tw^o cells oriented on intercell- 
ular space in shorter dimension results in group of five cells bordering intercellular space. When all cells bor- 
dering intercellular space are oriented with their shorter dimensions on intercellular space, six cells consti- 
tute unit grouping. 


in and wax. Hesperidin crystallizes out plastids in mid-areole are comparatively 
upon partial dehydration of cells in alco- small, completely filled with starch™one 
hoi or other reagents but is not consid- single grain only, as a rule— and re- 
ered in this paper. semble those in young cells in that the 

During the second phase of growth, majority are still clustered around the 
starch appears as usual iii the chloren- nucleus. In contrast, chloroplasts in the 
chyma of lamina and petiole, in the guard darker areas are almost twice the size of 
cells, and in the bundle sheaths. Toward the former, are generally parietal in posi- 
the end of the period the leaf becomes tion, and contain only the usual minute 
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transitory starch granules. As the leaf limit of visibility. Sheath and crj-stai are 
becomes uniformly dark-green, resen^e suspended near the center of the cell by 
starch accumulates throughout the leaf protoplasmic strands anchored to the 
and is particularly conspicuous in bundle wall bj' plasraodesmata. Sooner or later, 
sheath, rays, and pith of the midribs and crystals increase in size and more or less 
larger veins (figs. 8o, 8i, 84-87). completely fill the cell cavity. The char- 

Mature crystal idioblasts of citrus acteristic cellulose sheath keeps pace 
(figs. 90-96) have been described repeat- with ciy'stal growth and becomes heavy 




Figs. 71-77. Cell shape in palisade tissue. PD, plasmodesmata. Figs. 71, 72, mature leaf, transection, 
indicating ceil contacts (camera lucida). Figs. 73, 74, similar leaf, paradermal section, showing variation of 
diameter of palisade cells and variation in number of cell contacts around typical cells /I , B (camera lucida). 
Figs. 75-77, transections and paradermal section through palisade tissue during IKI-HaS04 test, showing 
plasmodesmatal connections (camera lucida). 


edly in earlier papers. It will suffice at 
this time to outline their development 
and indicate their distribution. In young 
leaves ± 2 cm. in length, idioblasts are 
recognized in upper and lower hypoder- 
mis by their larger size and denser proto- 
plasmic content. Minute crystals are 
soon apparent within one or the other of 
the protoplasmic strands, generally near 
the center of the celL By the time that 
the crystals measure from 4 to 5 ju, they 
are tabular in outline and are incased 
within a tenuous sheath which is at the 


at the crystal base but remains tenuous 
at the apex. Meanwhile, the wall of the 
idioblast may thicken until sheath and 
wall are in contact at one or more points. 
Plasmodesmatal connections with adja- 
cent cells are demonstrable during solu- 
tion of crystal and cellulose in I.KI- 

H.SO4 (iig. 94). 

In younger leaves the characteristic 
larger idioblasts are conspicuous im- 
mediately beneath both upper and lower 
epidermis, while the smaller are relative- 
ly few in number and may occur near the 
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fibers of the bundle sheath. In palisade 
tissue, idioblasts roughly encircle oil 
glands, and in the spongy tissue, both oil 
glands and stomata. A semi-quantitative 
picture of their distribution is given in 
table 2. 

Calcium oxalate may also occur in the 
form of occasional druses similar in 
structure and development to those in 
Ricinus. 



Figs, 78, 79. — Mottled leaf. C, chloroplast; 
IS, intercellular space; ST, starch. Fig. 78, light 
area, mid-areole, transection of palisade showing 
large starch grains in small plastids clustered around 
nucleus (camera lucida). Fig. 79, dark area, near 
vein, showing larger chloroplasts, parietal in posi- 
tion,. containing minute transitory starch grains 
(camera lucida). 

Oil is conspicuous in the repeatedly 
described oil glands (36, 50) (fig. 17). The 
schizolysigenous origin of the glands is 
readily followed in developing leaves. A 
certain amount of oil is present in other 
cells in the form of minute droplets. 

Hitherto, as far as the authors are 
aware, suberin has been mentioned in 
literature about normal leaves only in 
connection with leaf fall.^ Deposition of 
this substance, however, is not confined 
to absciss zones and to the time of leaf 
fall but may be detected throughout all 
tissues of growing leaves (Figs. 97-110). 
It becomes increasingly evident with in- 
crease in leaf age, and the leathery tex- 
ture of older leaves depends not only on 


thickening of cuticle and strengthening 
of veins but also on internal suberization. 
In soft green leaves about half-grown, in 
which mesophyll differentiation is well 
advanced, suberin is evident as a film on 
both outer and inner surfaces of the cell 
wall. When first detected, both films are 
at the limit of visibility but stand out 
distinctly on staining with IKI. The 
outer film lines the intercellular spaces, 
the internal surface of the leaf, while the 
inner resembles a tertiary wall layer 
within the living cell. Irrigation with 
H2SO4 results in the usual blue colora- 
tion and swelling of the cellulose walls 
and brings the films into clear, though 
temporary, relief. The film lining the in- 
tercellular space darkens, may become 
granular, wrinkles, and sooner or later is 
detached from the swelling wall. By the 
time that the cellulose has completely 
dissolved, the pellicle is generally frag- 
mented but may still be traced as a 
dotted line of material insoluble in 
H2SO4. The intracellular pellicle may be- 
have in the same way but is more tenuous 
and therefore fragments and disappears 
more easily. It may adhere partially or 
completely, however, to the contracted 
protoplast. 


Maturing ljeaf 

The mature leaf is dark-green in color, 
firm in texture, and does not wilt readily. 
Mature leaves differ from younger prin- 
cipally in the following characters: 
{a) secondary thickening of veins, 

2 In a letter to Dr. F. M. Turrell from Dr, B. F. 
Lutman, dated May 30, 1934, the writer stated: 
“A cursory study of young apple leaf sections, 
however, has given me the impression that some of 
the pulp parenchyma cells might be somewhat 
cutinized.’’ On June 22, 1934, Dr. Lutman con- 
tinued: ‘‘As I wrote you before, in my study of 
young apple leaves I found from the staining we 
had used (the Triple, with strong emphasis on the 
Orange G.) that many of the pulp parenchyma 
cell walls were apparently cutinized.” 
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(b) change in the starch-calcium oxalate 
balance; and (c) thickening of cuticle and 
increase of suberization of internal sur- 
face. 

Secondary thickening oe veins — 
As in leaves in general, the carabial zone 


and pith, and somewhat less abundant 
in abscission regions and in the inner 
cortex of the midrib and major veins. 
Sooner or later, starch is replaced by 
calcium oxalate except in vascular rays, 
outer pith, and the abscission regions. 



PTH 


Figs. 80-83.— Diagrams of starch-calcium oxalate balance. AB, axillary bud; CAO, calcium oxalate; 
CA, cortex; F, fiber; G, gland; PH, phloem; PTH, pith; R, ra}^; SS, starch sheath; S 7 \ starch; UF, unligni- 
fied fiber. Fig. 80, transection of base of lamina of mature leaf. Fig. 81, longisection of mature leaf showing 
starch distribution. Fig. 82, longisection of abscising leaf showing calcium oxalate. Fig. S3, transection of 
abscising leaf. 


is but weakly defined. In the midrib and 
major veins of mature leaves, however, 
typical secondary elements, such as pit- 
ted vessels and fibers, supplement the 
primary spiral elements. 

Changes in starch-calcium oxa- 
late balance (figs. 82, 83, 88, 89).— By 
the time the leaf is mature, reserve starch 
is relatively abundant in all tissues. It is 
particularly conspicuous in parenchy- 
matous cells, such as starch sheath, rays, 


Thickening of cuticle and in- 
crease OF SUBERIZATION OF INTERNAL 
SURFACE. — ^The epidermis of the older 
leaves, in contrast to the younger, is 
heavily cutinized. Flanges of cutin ex- 
tend inward about one-third of the 
length of the radial walls. Stratification 
of the outer wall, wax canals, and pits is 
identified in the usual swelling reagents. 
The materials of the stomatal plugs are 
presumably secreted through the wax 


1 



Figs. 84-89. — Starch distribution in iongisections of laminar and nodal abscission zones. Figs. 84, 85, 
in soft green leaf. Figs. 86, 87, in hard green leaf. Figs. 88, 89, in abscising leaves. 
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canals, which, terminate on the inner face 
of the guard cells (figs, 40, 41). 

The distinction between internal su- 
berization of older and younger leaves is 
readily apparent before and after treat- 
ment with IKI-H2SO4. Suberin lamellae 
of intercellular spaces, barely visible in 
young leaves, are now clearly defined and 
may be approximately i /x thick, while 
the intracellular lamellae are somewhat 
thinner. Suberin lines the smallest inter- 
cellular spaces and thence may extend 
along the middle lamellae until the lat- 
ter are completely suberized. The result 
is that, after solution of cellulose in 
H2SO4, suberin remains in the form of 
angular fragments — the lining of the 
small intercellular spaces — or as a more 
or less complete network if suberization 
of the middle lamellae has been complet- 
ed. In addition, there appear fragments 
of the intracellular lamellae, more or less 
spherical but usually broken by the 
swelling of the cellulose walls. Reticular 
suberization occurs consistently at the 
bases of both lamina and petiole within 
± 2 mm. of the abscission plane. It also 
extends generally along the midribs and 
the larger bundle sheaths. As already 
noted, the starch of the bundle sheath is 
replaced by calcium oxalate crystals. 
Complete suberization of sheath and 
idioblast wall means that the major veins 
are inclosed within a suberized envelope. 
Reticular suberization may also extend 
partially into the mesophyll adjacent to 
major veins in both lamina and petiole, 
from leaf base to leaf tip, likewise along 
the collenchyraa of the leaf margin. 

Suberization is also evident around the 
fibers of the pericyclic region and sporad- 
ically within the phloem. Presumably in 
the latter tissue deposition of suberin 
does not occur sufficiently early to affect 
transport of reserves (starch) from the 
lamina (figs. pS-iio). 


Leaf fall 

Leaf fall (figs. 1 13-1 24) occurs 
throughout the year but is most active 
during the seasonal growth flushes. When 
leaves are about to fall, the laminae and, 
later, the petioles turn yellow. Laminar 
abscission precedes nodal; thus, when the 
laminar absciss zone is fully differenti- 
ated, the blade falls at a touch while the 
petiole remains in place. If the nodal 
absciss zone is also mature, then the 
slightest jar is sufficient to cause simul- 
taneous nodal and laminar abscission. 

TABLE 2 

Comparison of numbers of cal- 
cium OXALATE IDIOBLASTS AND 
STOMATA SEEN IN SURFACE VIEW 
OF UPPER AND LOWER EPIDERMIS 
AND OF OIL GLANDS IN MID-LEAF 
(CLE.\RED MATERIAL) 



Upper 

surface 

Lower 

surface 

Idioblasts. . . . 

58S/sq. mm. 

444 

Stomata 

Few on mid- 

620 


rib 


Oil glands . . . 

2.9/sq. mm. 

i 


Laminar abscission.— The tissues 
within the laminar-petiolar groove in- 
clude epidermis, collenchyma, abscission 
parenchyma, and stele. The epidermal 
cells, except for somewhat heavier cuti- 
nization, resemble those of lamina and 
petiole. The collenchymatous elements, 
compressed and tapering in outline, fan 
outward from the constricting groove 
and continue into the subepidermal mar- 
ginal collenchyma of lamina and petiolar 
wings (figs. 25, 26). The abscission paren- 
chyma differs from the adjacent cortex of 
lamina and petiole in the smaller size of 
the cells and in the lack of all but minute 
intercellular spaces, but the thickness 
and pitting of the cell walls are similar in 
all. The structural weakness of the vas- 
cular strand already noted in the young- 



Figs. 97-112.™ C. 40 , calcium oxalate; F, fiber; /*$*, intercellular space; PD, plasmodesmata; SB, suberin; 
starch. Figs. 97-110, suberization of internal surface. Fig. 97, soft green leaf, spongy mesophyllparader- 
mai section; suberin lines intercellular spaces and also inner face of cell wall. Fig. 98, hard green leaf, starch- 
sheath region, transection; during IKI-H3SO4 test, showing plasmodesmata, suberized walls, and swollen 
starch grains. Figs, gg, 100, hard green leaf, midrib near base of lamina, transections; outer and inner pith 
during IiCI-Il2S04 test, showing suberization of walls and plasmodesmata. Figs. loi, 102, hard green leaf, 
spongy mesophyll, paradermal sections; before and during IKI-H2SO4 test. In fig. 102 is seen wrinkling of 
suberin lamellae in intercellular spaces. Fig. 103, hard green leaf, distal end of petiole, transection; cortex, 
showing suberization of wall. Fig. 104, abscised leaf, distal end of petiole, longisection; cortex, showing slight 
suberization of papillate cells. Fig. 105, hard green leaf, spongy mesophyll, transection; during IKI-H2SO4 
test, showing remains of suberin lamellae. Fig. 106, hard green leaf, midrib, longisection; showing suberiza- 
tion of calcium oxalate idioblasts in bundle sheath. Figs. 107-109, hard green leaf, cortex, transection; after 
IKI-H2SO4 test, showing fragments of suberin network remaining. Fig. 1 10, hard green leaf, palisade, transec- 
tion; during IKI-H2SO4 test, showing suberin pellicle around palisade cells and transformation of calcium 
oxalate to calcium sulfate needles. Figs; in, xi 2, position of new cell walls. Fig. in, soft green leaf, 3 cm. 
long; transection, upper epidermis, and differentiating palisade, showing position of new cell walls in rela- 
tion to plasmodesmatal areas, during IKI-H2SO4 test. Fig. 112, soft green leaf, 3 cm.; similar transection 
after solution of cellulose walls, showing remaining protoplasts and plasmodesmata. 
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er leaf is further emphasized at this stage 
by the partial or complete lack of xylem 
libers in the abscission region. The fol- 
lowing physiological or structural 
changes precede or accompany leaf drop: 
(a) partial replacement of starch by cal- 
cium oxalate and disappearance of the 
remainder (figs. 82, 83, 88, 89) ; (b) suber- 
ization of the basal tissues of the lamina; 
(c) differential growth of abscission 
parenchyma; and (d) break of tissues at 
the separation layer. 

Starch accumulates temporarily in all 
tissues of the mature leaf and is con- 
spicuous throughout the length of the 
midrib, including the abscission region. 
Sooner or later starch disappears from 
the cortex of the midrib, the starch 
sheath, the central pith, and, to a certain 
extent, the laminar tissues. It is replaced 
by solitary ensheathed crystals of cal- 
cium oxalate. Prior to leaf drop, the re- 
mainder of the starch present in the vas- 
cular rays and also in the outer pith dis- 
appears entirely except for a few small 
grains in scattered cells in the suberized 
basal region of the lamina. 

Earlier in this paper the beginnings of 
intercellular and intracellular suberiza- 
tion of the leaf tissues were described. 
Suberization increases markedly at the 
bases of both lamina and petiole. In the 
lamina all tissues are affected — collen- 
chyma, cortical parenchyma, starch 
sheath, vascular tissues, and pith. The 
lignification which frequently accom- 
panies suberization is sparse and appears 
in a few cells only. 

The anatomical changes most signifi- 
cant in actual leaf fall occur in the paren- 
chymatous cells of the abscission zone. 
Growth occurs in the cells of two or three 
distal layers of cortex and pith and also 
to some extent in xylem and phloem 
parenchyma (figs. 116, 117, 119, 120). 
As the cell walls extend, these cells may 


reach twice or thrice their initial volume. 
The new cell-wall areas are thin and con- 
trast markedly with the original thick- 
ened cell bases. The walls consist of 
cellulose and pectic substances, but fine 
suberin films may also be identified (fig. 
104). Growth is most active in the middle 
cortex, and, as the cells expand distally, 
rupture of the middle lamella occurs be- 
tween new cellulose and old suberized 
cell walls. After abscission the enlarged 
cells round off and fomi a papillate sur- 
face, except for a serrated ring of xylem 
elements. In the latter the break occurs 
likewise at the middle lamella (figs. 113, 
114, 115, 118,121, 122). That plasmodes- 
mata are ubiquitous throughout the leaf 
is apparent, and they are demonstrable 
in the abscission zones, both laminar and 
nodal. In the papillate cells minute rem- 
nants of protoplasmic strands remain 
extruded from the free rounded surfaces 
and indicate the point of previous inter- 
cellular connection (fig. 104). 

The complex curvature of the abscis- 
sion faces is clearly seen only after blade 
abscission. The laminar surface projects 
roughly as a flattened dome but is incised 
by a groove ±0.1 mm. in depth, the line 
of break of the xylem cylinder. This 
groove surrounds the slightly projecting 
core of pith. The petiolar surface forms a 
shallow cup of corresponding dimensions 
and is marked by a projecting xylem rim 
equal in height to the depth of the lami- 
nar groove. The central pith is depressed 
to fit the projecting laminar tip. 

Nodal abscission. — ^The orientation 
of leaves in relation to light is brought 
about by curvature of the petiolar base. 
Hand-sections are, therefore, frequently 
essential in order to follow the gross dis- 
tribution of such ergastic substances as 
starch along the curving median plane 
from petiole to leaf base and stem. 

The nodal abscission zone, like the 
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B'igs ii3~i 22.— Tissues of laminar abscission region after abscission, paradermal sections. EXIT, ex- 
ternal cell wall; F, fiber; groove; PC, papillate cell; PT, pit; PV, pitted vessel; SBC, suberized cell; 
ST, starch; 5 F, spiral vessel; XP, xylem parenchyma. Figs. 113-115, base of lamina. Fig. 113, groove and 
outer cortex, walls of proximal cells thickened and heavily suberized. Fig. 114, middle cortex, cells similar 
to those in outer cortex. Fig. 115, xylem of midrib, serrate outline resulting from fracture along middle 
lamella. Figs. 116-1 18, distal end of petiole opposite laminar base. Fig. 116, groove and outer cortex, surface 
papillate cells, inner extended cells, distal new cell wall areas thin in contrast to thickened proximal cell 
bases, faintly suberized. Fig. 117, middle cortex, region of maximum grow^th, papillate and extended cells. 
Fig. 1 18, xylem of midrib, serrate fracture as in laminar base. Figs. 1 19-120, detail of papillate and under- 
lying cells. Fig. 1 19, outer cortex. Fig. 120, middle cortex. Fig. 121, base of lamina, middle cortex, detail of 
thick-walled suberized cells. Fig. 122, distal end of petiole, detail of xylem of midrib. 
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laminar, is a zone of structural weakness 
(figs. ,27, 123). Perky die fibers remain 
unlignified; xylem vessel segments meas- 
ure one-fourth to one-third the length of 
these elements in stem and in petiole; 
and xylem parenchyma is increased at 
the expense of xylem fibers. The nodal 
zone differs from the laminar in that, 
prior to leaf drop, the abscission plane is 
structurally undefined. In fresh material 
the plane of rupture is indicated approxi- 
mately by the differential distribution of 
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the lamina, all cells are affected, and, as 
before, lignification is slight and sporadic. 

Cell growth occurs in parenchyma- 
tous cells of the stem adjacent to the leaf 
base, i.e., in cortex, vascular parenchy- 
ma, and pith. The same contrast in wall 
thickness is evident as the cells attain the 
same proportional increase in volume. 
Growth is most active in the mid-cortex 
immediately below the median line of the 
leaf base. Rupture occurs along the 
middle lamella between thin-walled, en- 



Figs. 123, 124. — Nodal abscission, longisections. CAO, calcium oxalate; cambium; FC, papillate cell. 
Fig. 123, median leaf trace and cortex in stem, showing papillate cells and serrate outline of broken vein. 
Fig. 124, leaf scar, ±72 hours old, showing collapsed papillate cells now suberized and beginning of under- 
lying phellogen. 




starch and of intercellular spaces, the 
position of the shorter vessel segments, 
and also a slight contrast between the 
compact chlorenchyma of the stem and 
the somewhat less compact chloren- 
chyma of the leaf base. 

The physiological and structural 
changes in the nodal abscission region 
nevertheless appear similar to those in 
the laminar region, viz., starch loss, su- 
berization, and differential growth, fol- 
lowed by tissue break. Starch loss is ac- 
companied or not by deposition of cal- 
cium oxalate. Intercellular and intra- 
cellular suberization is active on the six 
to ten cell layers at the leaf base. As in 


larged cells and suberized leaf-base cells. 
After abscission, the leaf-scar surface is 
papillate except for a jagged ring of 
xylem. 

The surface of the leaf scar is slightly 
concave and is incised by an uneven 
groove, the maximum depth of which oc- 
curs at the breaking point of the median 
leaf trace. The surface of the leaf base is 
correspondingly convex and is marked by 
a projecting xylem rim, uneven in height, 
the complement of the stem-scar groove. 
Within 24-36 hours after leaf fall the 
scar dries out and changes in color from 
green to buff (fig, 124). In a median sec- 
tion of a scar ± 72 hours old there 




pear the shriveled remains of the weakly 
suberized papillate cells, suberized and 
somewhat crushed cork cells, and an ac- 
tive cork cambium. The latter continues 
active as it keeps pace with stem growth. 

Discussion 

In view of their possible wide applica- 
tion to leaves in general the following 
statements based on the findings in the 
Valencia orange leaf merit discussion: 
(a) plasmodesmata are concerned in the 



determination of cell shape; (6) plas- 
modesmata control the orientation of 
new cell walls in dividing cells; (c) cell 
expansion with concomitant differential 
cell-wall growth and suberization of op- 
posing tissues is an important factor in 
the mechanism of leaf fall; and (e) the 
hardening of the leaf with age results 
mainly from progressive suberization of 
the internal surface. It seems probable 
that statements a, J, and d will apply to 
dicotyledons in general, while statement 
c may be shown to be of much wider ap- 
plication than is at present conceded. 

Cell shape. — Variation in the shape 
of meristematic cells is recognized in 
many papers published in recent years 
(13, 14, 15, 22). One form, however, 
which constantly recurs — the tetrakaide- 
kahedron — may be considered the funda- 
mental unit from which all other types in 
the rind, and also in the leaf, of citrus are 
derived (35), The same holds true in 
leaves as different as squash, castor bean, 
avocado, and sycamore, to mention but 
a few examined by the authors. Tetra- 
kaidekahedral cells are connected by 
plasmodesmata, and during expansion to 
spherical form and throughout later de- 
velopment these intercellular connections 
are maintained at the surfaces of con- 
tact. Plasmodesmata may, therefore, be 
regarded as relatively fixed points which 
control future cell development. A spher- 


ical cell, comparatively free to expand in 
all directions, differentiates, as the inter- 
cellular spaces increase in size, into an 
eight-Iobed or an eight-armed element. 
When cell division occurs, the number of 
cell contacts is temporarily altered to 
less or more than eight, but during early 
meristematic growth the original number 
is sooner or later restored. When growth 
of the organ as a whole slows down, how- 
ever, this restoration of contact and 
plasmodesmatal number does not take 
place. The result is that mesophyll con- 
sists, in the main, of two cell types, 
eight-Iobed or -armed, and six-lobed. 
Variations in cell form depend on the 
time of cell division in relation to the 
growth of the organ as a whole and can 
be interpreted in terms of division and 
degree of subsequent expansion of a 
typical tetrakaidekahedral cell. Specific 
differences in geometrical form of poly- 
hedral meristem cells produced by the 
stresses of early growth are transitory 
and appear to be of minor importance, in 
comparison with the position of plas- 
niodesmatal connections, in the control 
of the area and orientation of the curving 
surfaces of the mature living cells. 

Wall orientation. — In two recent 
papers on the cytology of wall formation 
the possible causal factors in wall orien- 
tation were discussed (37, 38). In citrus 
the position of new cell walls follows the 
general pattern outlined in the above 
papers, but it appears that physiological, 
rather than physical, factors are pri- 
marily responsible for wall orientation. 
In the material examined, as already de- 
scribed, the new cell walls are invariably 
anchored to the wall of the mother cell 
in plasmodesmatal areas. Deposition of 
cell walls thus is comparable with the 
deposition of crystal sheaths seen in 
Beloperone and in Ffaa (34). The cell 
wall originates within a cytoplasmic 
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plate, the „ phragmosome — the sheath 
within, a cytoplasmic strand. The sheath 
of the calcium oxalate crystals of the 
citrus idioblasts is also controlled by the 
position of plasmodesmata. The factors 
which activate cellulose deposition with- 
in cytoplasmic plates and strands remain 
to be determined. 

Abscission. — ^The leaf of citrus re- 
sembles compound leaves, in that the 
lamina, which may be considered a ter- 
minal leaflet, usually falls before the 
petiole. Both laminar and nodal abscis- 
sion zones are, as usual, structurally 
weak in lack of lignification of pericyclic 
fibers, reduction of vascular cylinder, 
comparative increase in vascular paren- 
chyma, and decrease or absence of xylem 
fibers. In addition, characteristic short- 
ening is evident in primary and secondary 
vessel segments, their length a fraction, 
one-third or less, of the length of similar 
elements in lamina, petiole, and stem. 

The anatomy of tissue break resembles 
that described by Lowi (16, 17, 18) in 
Cinnamomum and other forms. Lee (12) 
and Pfeifeer (26, 27) considered this 
type of abscission to be relatively rare. 
Cercis and Aristolochia, however, are 
presumably similar, since tissue break in 
the former is attributed to differential 
growth of cell walls and, in the latter, 
cell elongation is mentioned in the distal 
cells of the separation layer. 

The question of mechanism of abscis- 
sion recurs constantly in all papers on 
leaf fall, whether physiological or ana- 
tomical. Tison (41) worked to a great ex- 
tent with fresh material and therefore 
stressed 'Reciprocal pressures” resulting 
from cell growth as a potent factor in 
forcing apart leaf base and petiole or 
rachis and leaflet base in the case of com- 
pound leaves. The papillate cells of cit- 
rus serve to support this view. In con- 
® trast to this, much of the material ex- 


amined by Lee (12) w^as collected at the 
time of leaf fall but was preserved and 
examined later. This may be the reason 
that, although cell elongation 'was re- 
peatedly described, the idea of reciprocal 
pressures w’as not stressed. It seems evi- 
dent that, W'heiiever cell growdh occurs 
within an abscission zone, cell expansion 
is one mechanical factor in the final tissue 
break. 

In this connection it is interesting to 
recall the suggestions of Mustel (24) 
and Treviranus (42), those of the for- 
mer listed by Tison (41) among the 
"idees plus ou moins malheureuses”’ of 
earlier workers as a "theorie etonnante.” 
Mustel attributed leaf fall to the fact 
that, since transpiration ceased with leaf 
age, there was no room in the leaf blade 
for the ascending sap. The latter there- 
fore pressed against the leaf base and 
forced its fall. Treviranus noted the 
heterogeneity of tissues in the abscission 
zone and suggested that this condition 
prevented sap circulation, interrupted 
the vital connection between petiole and 
node, and resulted in tissue rupture. In 
view of the suberization of leaf tissues 
described in this paper in citrus and other 
leaves — ^most intensive at the leaf base 
but general throughout the mesophyll — 
it may be questioned whether the earlier 
theories are as completely farfetched as 
they appeared to Tison. Physiological 
experiment with aging leaves is necessary 
to clarify the effect of progressive suberi- 
zation on such fundamental functions as 
cell permeability, transpiration, and 
transport of water and food and on the 
process of leaf fall. 

In discussing the causal factors in cork 
formation, Priestly pointed out the in- 
terconnection between food supply, the 
presence of air, a blocking surface formed 
by deposition of suberin, and the origin 
of a phellogen (31). The pattern in citrus 
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is significant, Siiberin is deposited adja- 
cent to parenchymatous tissues with 
abundant intercellular spaces, and food 
is present in the form of starch. The phel- 
logen appears after the suberization of 
the surface of the leaf scar. The physico- 
chemical reasons for intensive suberin 
formation remain to be determined. 

Internal suberization. — Suberin 
occurs consistently in the abscission 
zones of higher plants, but its deposition 
was entirely unexpected in the general 
tissues of lamina and petiole. Suberin ap- 
pears not only in citrus but in leaves as 
diverse as squash, avocado, castor bean, 
broad bean, and sycamore. It is identified 
in the young, soft-growing leaf as a film 
at the limit of visibility, while in the old, 
hard, mature leaf it is a clearly defined 
pellicle. In the old, hard, yellowing 
leaves of sycamore, suberization is suffi- 
ciently strong to prevent the tissue dis- 
integration which follows irrigation with 
H2SO4. During the progress of the 
IKI-H2SO4 test the light-blue color char- 
acteristic of dissolving cellulose is masked 
and replaced by deep purple in the prac- 
tically unswollen cell walls. At the end 
of this drastic treatment the suberized 
mesophyll of the leaf still persists intact. 

In discussing the penetration of spray 
oil into citrus leaves, Rohrbaugh (33) 
pointed out the difficulty of postulating 
capillarity as the primary force con- 
cerned. . . capillarity depends upon 
the cohesion of the liquid to the surface 
of the capillaries. If the surface of the 
cell wall is covered with a lipoid film or 
some other surface to which the oil could 
cohere, then capillarity might well be the 
explanation of the movement of the oil 
into the tissue.'^ A suberized internal sur- 
face may satisfy this condition. Spray oil 
may pass through the epidermis via 
stomata and also wax canals and may 
thereafter spread more or less freely over 


the suberized internal surfaces. It is sig- 
nificant that oil accumulation is most 
marked in regions of heavy suberization 
— the cells surrounding the midrib and 
also along the leaf margin. 

Summary 

1. The development of the leaf in the 
Valencia orange is considered in four 
stages: (a) resting bud and meristematic 
primordia; (b) expanding leaves; (c) ma- 
turing leaves; and {d) leaf fall. Stages 
a~c parallel similar phases in stem differ- 
entiation. The differentiation of vascular 
and other tissues is described. 

2. Cell shape is considered in detail in 
spongy and in palisade parenchyma. 
Two principal cell types are common to 
both, the eight-armed or eight-lobed cell 
and the six-armed or six-lobed. 

3. In the spongy mesophyll, eight- 
armed cells occur at vein level, in mid- 
areole, the region of largest intercellular 
spaces in which cell division first ceases. 
The eight-armed cell may be derived 
from a tetrakaidekahedral meristematic 
cell in plasmodesmatal connection with 
eight others. 

4. In the lower mesophyll and along 
the margins of the areoles, cell division 
continues later than in mid-mesophyll 
and here six-armed cells differentiate. 
The six-armed cell may be derived from 
a tetrakaidekahedral element which has 
undergone comparatively late cell divi- 
sion. 

5. In the palisade parenchyma the 
counterparts of the eight- and six-armed 
cells are eight- and six-contact cells, in 
which the lobes through which the plas- 
modesmata pass are reduced to a mini- 
mum. 

^ 6. The above cell types occur in all 
dicotyledonous leaves so far examined by 
the authors. ' 
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7. Plasmodesniata may be regarded as 
relatively fixed points on the cell surface 
and therefore are of importance in con- 
trolling cell shape andwallarea. Cellshape 
depends also on the time of cell division 
in relation to the growth of the organ as 
a whole. 

8. Plasmodesniata are directly con- 
cerned in the orientation of new cell 
walls. In all cells examined, new walls are 
anchored to the w^all of the mother cell 
in plasmodesmatal areas. 

9. The position of the sheath of calci- 
um oxalate crystals is, as in the idioblasts 
of Beloperone and Ficus, controlled by 
plasmodesmatal connections. Cytoplas- 
mic strands in crystal sheath formation 
resemble, in their function of wall depo- 
sition, cytoplasmic plates — the phrag- 
mosomes of normal cell division. 

10. Leaf abscission occurs between 
lamina and petiole and also at the leaf 
base. The mechanism is the same in both. 
Papillate cells produced by distal elonga- 
tion of cells of the abscission zones ex- 
pand outward against heavily suberized 
tissue at the bases of lamina and of peti- 
ole. Tissue break occurs at the junction 
of the thin-walled papillate cells and the 
opposing suberized elements. 

11. Suberin deposition occurs not only 
in abscission regions but throughout the 
mesophyll of the leaf. In half-grown 
leaves it appears in the intercellular 


spaces and also within the cell as a film 
at the limit of visibility. In mature and 
old leaves suberin lines the internal sur- 
face and impregnates the middle lamella 
to a greater or lesser extent and also 
forms a tertiary lamella on the walls of 
the inner surfaces of all cells. 

12. Progressive siiberization appears 
to be a general phenomenon in the aging 
of leaves, since suberin deposition occurs 
in squash, castor bean, avocado, and 
sycamore leaves. In sycamore (Plaianus 
racemosa) suberization is sufiiciently 
heavy to prevent the usual cell-wall 
swelling and tissue disintegration which 
result from treatment of leaf sections 
with IKI-H2SO4. The suberized meso- 
phyll persists as intact network. 

13. Suberization of the internal surface 
presumably facilitates the distribution 
by capillarity of spray oil which may 
enter the leaf. 

14. The development and structure of 
guard cells and of oil glands is similar to 
that seen in the fruit rind. 

15. The wax canals in the outer wall 
of the epidermal cells resemble those of 
the fruit rind, and through them the sur- 
face wax and the material of the stoma- 
tal plugs is secreted. 
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ORIGIN AND DEVELOPMENTAL MORPHOLOGY OF 
ROOT NODULES OF PISUM SATIVUM 

LORA BOND" 


Introduction 

The morphology of the root nodules of 
leguminous plants is of interest for sev- 
eral reasons. The leguminous nodule is a 
structure unlike any produced by other 
plants. Although formed only after bac- 
terial infection, the nodule is not an ir- 
regular mass of tissue, such as composes 
certain bacterial galls, but has differenti- 
ated tissues in a definite arrangement. 
The structure of nodules is also related to 
certain physiological problems. The nod- 
ule is one product of the interaction be- 
tween invading rhizobia and root cells. 
Experiments using ^^tagged” nitrogen 
have demonstrated clearly that neither 
rhizobia nor leguminous plants alone can 
fix atmospheric nitrogen but that nitro- 
gen fixation results from an appropriate 
combination of the two (6). The mecha- 
nism of this fixation remains unknown 
but is evidently an interaction between 
.host and bacterial cells. The reaction is 
localized in those cells of the nodule that 
are actually infected with bacteria. 

The present investigation was under- 
taken to attempt to supplement our 
knowledge of the developmental mor- 
phology of root nodules on leguminous 

* Investigation carried on at the University of 
Wisconsin, where the author was a Wisconsin 
Alumni Research Foundation Research Assistant 
in the Department of Botany. 


plants, with special reference to the tis- 
sues proliferating and the differentiation 
of the nodule. Pea (Pimm sativum L.) 
was selected for study because, although 
it has been used in many laboratory and 
field experiments on nitrogen fixation, 
reports of the development and structure 
of its nodules are incomplete. 

Review of literature 

The anatomy of the nodules of many 
leguminous plants has been studied by 
numerous investigators, and the result- 
ing literature has been surveyed by sev- 
eral writers (12, 16, 27, 28). The earliest 
record of gross observations of nodules is 
found in drawings made by Fuchs and 
Dalechamps in the sixteenth century 
(12). In 1679 Malpighi explained the 
swellings on roots of Vida faba as insect 
galls, although he could find no insect 
larvae in them (12). Nineteenth-century 
investigators noted the general regions 
visibly differentiated within root nodules 
but proposed various erroneous explana- 
tions of the nature and cause of the 
tubercles until near the end of the cen- 
tury (16). A series of experiments then 
proved the true etiology. Frank found 
no nodules on plants grown in sterilized 
soil; Ward proved that infection of the 
roots resulted in nodules; Beijerinck 
isolated in pure culture the infecting bac- 
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teria; and in 1890 Prazmowski published 
an account of nodule development in pea 
that established the facts that nodules 
result from the infection of the roots with 
rhizobia and that the “infection threads” 
visible in root hairs and cortical cells are 
zoogloeal strands imbedding the bacteria 
(12, 16). Among the investigators of this 
period, Beijerinck and several others 
considered the nodules as pericyclic in 
origin, but a larger number, including 
Prazmowski, thought that nodule tis- 
sues were derived from cells of the root 
cortex (16). 

Investigations since 1900 have re- 
vealed considerable variation among dif- 
ferent genera in both shape and internal 
structure of nodules. Certain of the dif- 
ferences in structure have been used as 
bases for classifying nodules into types 
(ii, 18, 20), but these groupings do not 
agree, nor do they correlate well, with 
either taxonomic or cross-inoculation 
groupings of leguminous plants. Thus, 
the differences in nodule structure con- 
sidered by these authors do not serve as a 
wholly satisfactory basis for nodule 
classification. 

In spite of some differences in the 
structure of mature tubercles, the course 
of nodule development in most her- 
baceous plants studied is fundamentally 
the same. The similarities and the few 
major differences in the pattern of nodule 
development are demonstrated in papers 
that have appeared since 1900, concern- 
ing the nodule development of many cul- 
tivated herbaceous legumes. These in- 
clude studies of nodules of the following 
plants: siisM^Medicago saliva L. (2, 21, 
23); hQZxi,rhaseolus vulgaris Tu. (8, 16), 
and runner bean, ^ multijlorus Willd. 
(ii); broad bean, Ffcfa /afia L. (4, ii); 
bur clover, Medkago denticulata Willd. 
(19); clover. Trifolium spp. {>/, IT, 15, 
29 > 30) ; cowpea, Vigna sinensis Endl. (2) ; 


lupine, Lupinus albus L. (8, 18), L. 
mutdbilis Sweet and L. perennis'L. (18), 
and a hybrid (ii); pea (7, 8, ii, 15, 29! 
30 > 31); peanut, Arachis hypogaea L. (i, 
2, 14); soybean. Glycine max Merr. (2, 7, 
11); sweet clover, Melilotus alba Desr. 
(2> 29) ; sweet pea, Laihyrus odoratus L. 
(29); and vetch, Vida saliva L. (8) and 
V. villosa Roth. (2, 15). Only a few of 
these papers give detailed accounts of 
nodule anatomy — those of Thornton 
(21) on alfalfa, McCoy (16) on bean, 
Peirce (19) on bur clover, Allen and 
Allen (i) on peanut, BiEBERDORr (2) 
on soybean, and Wipe and Cooper (31) 
on early stages in pea. 

In most herbaceous legumes rhizobia 
invade the young root through root 
hairs, and the first evidence of infection 
is a curvature at the tip of the root hair 
(2, 4, 16, 19, 21, 31). This curling is 
brought about by some substance se- 
creted by the bacteria, as is evidenced 
by the fact that cell-free extracts of bac- 
terial cultures will induce curling (17, 
22) . The bacteria congregate and/or mul- 
tiply at the surface of the hair, usually 
near the bent tip (19, 22). In some man- 
ner, they penetrate the cell wall and be- 
gin to multiply inside the root hair. There 
is no visible rupture of the wall at the 
point of entry (19), and the rhizobia have 
not been shown to be capable of dissolv- 
ing the wall materials, cellulose, calcium 
pectate, and hemicellulose (17). The 
characteristic curvature of infected root 
hairs must have been brought about by 
unequal growth; this continued growth 
of the cell after initial infection is evi- 
dence that the root-hair cell is relatively 
intact (19). Inside the root hair, the bac- 
teria multiply and secrete a characteris- 
tic gum. The bacteria and surrounding 
gum form the zoogloeal infection strand, 
which may branch as it passes through 
the host cell (16, 21). The host cells, first 
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in, the epidermis, and then in the cortex, 
gradually wall off this strand, p,roducing 
a cellulose sheath whose presence, ac- 
cording to McCoy (17), probably gave 
rise to early reports that the infection 
strand was a fungal hypha (9). Proper 
staining reveals the bacteria imbedded in 
the zoogloeal strand (4, 8 , 16). The fact 
that the cellulose wall is discontinuous at 
intercellular spaces shows that it is laid 
down by the host cells rather than by the 
infection strand (17). 

The infection strand grows inward 
from the tip of the root hair to the inner 
wall of the epidermal cell, a process re- 
quiring about 2 days in soybean (2), and 
then penetrates the cortical cells. The 
depth of penetration of the cortex varies 
somewhat with the plant being invaded. 
In bur clover the strand grows nearly 
straight toward the central cylinder of 
the root and penetrates as far as the 
layer of cortical cells next to the endo- 
dermis (19). In alfalfa, also, the infection 
strands penetrate the cortex to its inner 
layers but do not enter the endodermis 
(21). In bean, in which the nodules are 
not efficient in nitrogen fixation, the in- 
fection threads penetrate only the outer 
layers of the cortex (16). In soybean, the 
infection strand penetrates from three to 
five layers of the cortical parenchyma 
cells (2), and in pea it reaches the inner 
layers of the cortex (31). 

The development of the nodule begins 
with division of host cells in the immedi- 
ate vicinity of the end of the infection 
thread. In alfalfa, nuclei of cells adjacent 
to the infection strand swell, and active 
nuclear and cell divisions begin (21). 
These divisions extend to a distance of 
two or three cells from those in the cortex 
already reached by the infection thread, 
and some divisions occur in the endo- 
dermis and pericycle. Peirce (19) found 
early stages in the development of the 


nodule "^'just like a young lateral roof; 
but Wipe and Cooper (31) showed that, 
in pea, proliferation begins definitely in 
the cortex. Wipe and Cooper found that 
many of the cortical cells stimulated to 
active division by the invading rhizobia 
are disomatic; they noted earlier (30) 
that the chromosome number is char- 
acteristic of nodule tissue. In alfalfa (21) 
branches of the infection strand pene- 
trate the proliferating cortical cells, and 
division of the cells soon ceases except in 
a region toward the root surface that re- 
mains meristematic; the bacteria are re- 
leased from the strand into the host-cell 
cytoplasm by the formation of blister- 
like swellings on the infection strand. 
The rhizobia multiply in the host-cell 
cytoplasm, and, after the cell is fairly 
well filled with bacteria, division of the 
host cell ceases. In soybean (2) the bac- 
teria are released similarly and also by 
breaks in the infection strands that occur 
with division of the host cells; in bean 
(16) the bacteria are spread chiefly by 
division of the infected cortical cells. 
Cytological changes in the infected host 
cells are most conspicuous in the nucleus, 
which becomes large and has prominent 
chromatic bodies, and in the cytoplasmic 
inclusions and mitochondria (i, 16). 

Mature legume nodules have an in- 
fected or bacteroid region with a meri- 
stematic zone either apical to or sur- 
rounding the bacteroid tissue. Outside 
the infected cells is a zone of noninfected 
ceiis—the nodule cortex — through which 
run vascular strands that connect with 
the stele of the root. The nodule is still 
surrounded by part of the root cortex in 
which some divisions and considerable 
stretching must have occurred, but the 
root epidermis is usually broken (12). An 
endodermal layer has been noted be- 
tween the root cortex and the nodule (4, 
8, ii). Old nodules show disintegration 
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beginning in the older part of the bac- 
teroid region, and some old nodules 
slough off before the end of the season 

(2, 16). 

There are some exceptions to the his- 
tory of nodule development as given 
above. There is evidence that rhizobia 
may enter roots through broken cortical 
cells or ordinary epidermal cells (2, 16), 
and experimentally they may be intro- 
duced by pricking or stroking the root 
with a needle previously dipped in the 
bacterial culture (8, 19). The peanut is 
an exception in that invasion seems to 
occur always through cortical cells rup- 
tured by the emergence of a lateral root. 
The peanut also differs from other legu- 
minous plants studied in that its nodule 
is definitely pericyclic, rather than cor- 
tical, in origin and that it breaks through 
the cortex of the root (i). 

Material and methods 

Three varieties of the cultivated pea 
were used: Canada field pea, Alaska field 
pea, and Perfection garden pea. The 
plants were grown in the greenhouse, 
three or four to an ordinary tumbler, in 
gravel that had been washed thoroughly 
and screened to yield only pebbles 2-8 
mm. in diameter. Mineral nutrients were 
supplied by a Crone’s salts solution (5), 
minus nitrogen except for the uninocu- 
lated control plants which were supplied 
with potassium nitrate. This method of 
culture gave root aeration as good as or 
better than that in sand or soil and 
eliminated the difficulty encountered in 
sectioning when small particles adhere to 
the roots. 

To insure infection and effective nodu- 
lation, the seeds were sterilized, soaked 
overnight in sterile distilled water, and 
inoculated. The method for sterilizing 
w’^as as follows: peas were placed in a 


sterile suction flask and a i : 1000 solution 
of mercuric chloride was added; this solu- 
tion was kept under vacuum for 5 min- 
utes, and then the seeds were rinsed twice 
in sterile distilled water under vacuum; 
next, a solution of ‘‘B.K.” powder (cal- 
cium hypochlorite) to give 3% avail- 
able chlorine was added and the mixture 
kept under vacuum for 10 minutes; final- 
ly, the seeds were rinsed in eight changes 
of sterile, distilled water. The sterilized 
and soaked seeds were inoculated by dip- 
ping them into a sterile-water suspension 
of a culture of Rhizobium leguminosarum 
Frank, U.W. strain # 302 or f 329, 
effective on peas. The inoculated seeds 
were planted in the tumblers of gravel, 
which had been sterilized by autoclaving 
at 1 5 pounds pressure for 4 hours or long- 
er. Sterilized Crone’s salts solution was 
supplied once a week, and sterile distilled 
water was added whenever the solution 
level dropped too low. 

When plants were harvested, the 
whole root systems were washed out of 
the gravel. Some were examined fresh; 
others were cut into pieces for fixation, in 
most cases under reduced pressure, in 
Karpechenko’s or Selling’s modification 
of Navashin’s solution or in Flemming’s 
medium solution. They were dehydrated, 
then cleared and infiltrated by the chlo- 
roform or the cedar-oil method, and im- 
bedded in paraffin. Material sectioned at 
a thickness of 5-10 jjl was stained in 
Heidenhain’s iron-alum haematoxylin, 
Flemming’s triple stain, or safranin- 
Delafield’s haematoxylin. One lot of ma- 
terial was cleared in eau de J avelle for a 
whole mount, stained in basic fuchsin, 
imbedded, and sectioned. 

Plants were grown at several seasons: 
spring, early fall, and late fall, 1942; late 
winter, and summer, 1943 ; and summer, 
1944. Fixations were made of plants 
ranging in age from i to 8 weeks, in order 
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to include a series of stages in nodule 
development. 

Observations and discussion 

The three varieties may be distin- 
guished by their general habit of growth. 
The variety Canada produces tall slender 
plants with small leaflets and long inter- 
nodes; Alaska is larger and has some- 
what stouter stems and larger leaflets, 
but the internodes are about as long as 
those of Canada peas; Perfection has 
short in ternodes, stout stems, and large 
leaflets. The anatomy of roots and nod- 
ules is very similar in the three varieties, 
and, unless differences are noted, state- 
ments made apply to all three varieties. 
No distinction is made between plants 
inoculated with the two different strains 
of R. leguminosarum, since they showed 
no visible differences in nodule develop- 
ment or structure. 

Nodules on the roots of the varieties 
studied develop to macroscopic size with- 
in 2 weeks after the seeds begin to ger- 
minate. Their rate of development varies 
with external conditions, but visible nod- 
ules usually are found on plants that 
have one or two fully expanded pinnate 
leaves. Light is the environmental factor 
of greatest influence on nodule develop- 
ment, although temperature has some 
effect. Unless artificial illumination is 
used, nodules may be entirely absent 
from plants grown in the greenhouse dur- 
ing winter months. The importance of 
light in determining the carbohydrate- 
nitrogen relation of the plant and, there- 
fore, nodule initiation and development 
has been discussed in detail by Wilson 
(28). Nodules first appear on the upper 
portion of the primary root, always be- 
low the hypocotyl, becoming visible 
about the time that secondary roots are 
protruding beyond the cortex of the pri- 
mary root. For a week or two, as the 


plant grows, additional nodules develop 
on the lower part of the primary root and 
on the upper portion of many of the sec- 
ondary roots. A plant several weeks old 
has a well-developed root system with 
conspicuous tubercles (fig. i). The pe- 
ripheral portions of the root system do 
not bear nodules following inoculation 
with an effective strain, such as strains 
§ 302 and 339 used in these experi- 



Fig. I. — Root system of Canada pea showing 
effective nodulation. Xi- 


ments. The changed carbohydrate-nitro- 
gen relation in such plants probably ac- 
counts for this distribution of nodules 

(12) . 

Since one aim of this investigation was 
to determine which tissues proliferate to 
form the nodule, observations were made 
of normal root structure and of the origin 
of lateral roots, to give a basis for com- 
parison with developing tubercles. Van 
Tieghem and Douliot (24, 25) de- 
scribed both the structure of the root and 
the origin of its branches, and Hay ward 

(13) pictured and described the mature 
primary root. The present observations 
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agree, in general, with these authors but 
include additional information, especial- 
ly with regard to maturation. 

The root is composed of the following 
tissues : an epidermis that is not lost even 
ill quite old roots; a cortical parenchyma 
consisting of six to ten cell layers in the 
larger roots and four to five cell layers in 
smaller branch roots; an endodermis 
with distinct Casparian bands that are 
occasionally less prominent over the pro- 
toxyiem points; a pericycle composed of 
large parenchymatous cells, a single 
layer opposite the phloem, and two or 
three layers opposite the xylem; phloem, 
consisting of sieve tubes and companion 
cells, fibers, and parenchyma; xylem that 
is triarch in most of the primary and 
larger secondary roots, that is not infre- 
quently tetrarch in these roots, and that 
is diarch in the smaller branch roots; and 
a noncontinuous cambium that lays 
down a limited amount of secondary tis- 
sue, mostly xylem, between the primary 
xylem and phloem. 

In the course of root development and, 
to some extent, in different parts of the 
same root, there is a correlation between 
the stage of development of a nodule and 
the degree of maturation of the part of 
the root on which it is located. The rate 
of growth and the condition of the in- 
fected root seem to be more important 
than actual time intervals in determining 
the stage of development of the nodule. 
Only young nodules are found in the re- 
gion of maturation, but the mature re- 
gion has fully developed nodules. Nod- 
ules on the old region of the root — ^with 
some secondary tissues in the stele- 
show disintegration in their bacteroid 
portions. The tissues in each of these 
regions of a primary or large secondary 
root, such as would bear nodules, will be 
described in some detail because of their 
relation to the developing tubercles. 


In the maturation region, in which 
root hairs are well developed, the pro- 
toxylem and part of the metaxylem be- 
come differentiated, and Casparian strips 
are laid down in the endodermis (figs. 2, 
3, 7). The xylem element abutting the 
pericycle appears in longitudinal sections 
to be a small annular vessel. The next ele- 
ment is usually much larger and is a 
spiral to scalariform vessel. The first 
metaxylem vessels have scalariform 
thickenings. The remainder of the xylem 
is composed of undifferentiated paren- 
chymatous cells at this level of the root. 
The first phloem, is visible on a radius be- 
tween the xylem points and lies next to 
the single layer of pericyclic cells. 
Whether this earliest phloem is paren- 
chymatous or is made up of sieve tubes 
is difficult to determine. In roots of 
Canada peas, the phloem fibers are be- 
ginning to differentiate at this level, and 
the earlier phloem cells are already some- 
what crushed between the pericycle and 
the developing fibers. These partly 
crushed cells appear to be parenchyma- 
tous. It is possible, however, that these 
cells might be sieve tubes. The recogni- 
tion of sieve tubes in transverse sections 
of Canada pea roots is possible in the 
later-formed phloem centripetal to the 
group of fibers. Here, the shape of the 
cells and associated companion cells and 
the thickenings of the longitudinal walls 
(the nacre walls) are distinctive. Lack of 
companion cells and loss of the nacre wall 
thickenings— both of which may occur in 
protophloem (10)— would account for a 
parenchymatous appearance of early 
sieve tubes. Probably because of the 
small size of phloem elements in Canada 
pea, sieve plates are not readily distin- 
guishable in transverse section, although 
visible in longitudinal section (fig. 4). In 
longitudinal section the sieve tubes show 
conspicuous dumbbell-shaped slime 
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bodies that stain bright red . with safra- 
iiin. In Perfection peas the cells are 
larger, and The sieve plates, especially in 
the metaphloem, are more readily visible. 
The sieve plates are only slightly, if at 
all, oblique and are easily recognizable if 
stained with safranin and examined un- 
der high magnification (figs. 5, 6). Like 
those of the metaphioem in the variety 
Canada, the sieve tubes are also recog- 
nizable by their associated companion 
cells and thickened longitudinal walls. 
Figure 5 shows two sieve tubes associated 
with a few small parenchyma cells, the 
group evidently constituting the proto - 
phloem. In some cases a single sieve tube, 
separated from the pericycle by a small 
parenchyma cell, occupies a position 
midway between the two xylem arms. 
The sieve tubes of the protophloem are 
smaller than those of the metaphloem in 
the same plant but are similar in having 
companion cells and visible sieve plates. 
In the variety Perfection the phloem 
fibers differentiate a little later than in 
the variety Canada. Figures 5 and 6 show 
several sieve tubes, chiefly metaphloem. 
Most of the group of thin-walled cells 
between them will mature as fibers. Cells 
in the protophloem and some of the cells 
formed centripetal to the fibers are 
crushed as the fibers mature. 

In the mature region the metaxylem is 
differentiated to form a protostele. Fre- 
quently there is a single large vessel in 
the center of the root (figs. 12, 13, 14). 
The later metaxylem elements are scalar- 
iform and pitted vessels. The phloem 
fibers form conspicuous patches alternat- 
ing with the xylem arms and adjacent to 
or nearly adjacent to the pericycle. 

The cambial layer differentiates in arcs 
from parenchymatous cells between 
phloem and xylem. Its limited activity 
results in the addition of xylem vessels 
and some scalariform tracheids cen- 


tripetally and a small amount of phloem 
centrifugally. The diameter of the stele is 
increased only slightly, and the cambial 
layer remains discontinuous (fig. 16). 

Secondary roots arise in the pericycle. 
The first indication of the origin of a sec- 
ondary root in pea is the tangential divi- 
sion of pericyclic cells opposite one of the 
protoxylem points (13). Bottum (3) 
traced the origin of the secondary root in 
Meliloitis to the division of a single peri- 



Figs. 2, 3. — Cross sections of pea roots. Xioo. 
Fig. 2 (above), through region of maturation of 
secondary root; variety Perfection; a, endodermis. 
Fig. 3 (below), at level of emerging lateral root; 
variety Canada; a, root endodermis. 
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cyclic cell lying between protoxylem and 
the endod'ermis. In pea, which has more 
than one layer of pericyclic cells opposite 
a xylem arm, the divisions apparently oc- 
cur first in the outermost pericyclic cells 
but soon involve the two or three layers 
of the pericycle. As the secondary root 
grows outward, the endodermis remains 
for a time as a layer surrounding it. The 
endodermal cells opposite the center of 
the root tip divide radially as the pri- 
mordium develops, but no roots observed 
showed tangential division to give sev- 
eral layers of endodermis outside the new 
root cap, such as was described by Van 


Tieghem and Douliot (24)* Only a few 
of the newly formed endodermal cells 
show Casparian thickenings. The endo- 
dermal cells along the sides of the sec- 
ondary root do not divide so much as do 
those opposite the center of the root tip 
but stretch and finally rupture as the 
root elongates (fig. 3). The tissues of the 
secondary root follow this general de- 
scription of the primary root. The tip has 
a meristem of the open type described by 
Hayward (13) for the primary root. 
Fairly early in the development of the 
branch root, the plerome, which will de- 
velop into the stelar region, can be dis- 



Iics._4, 5y-Ing. 4, sieve tubes and companion cells from mature root of Canada pea, longitudinal sec- 
Uon; a, sieve tube; ^ companion cell; c, sUme body. Fig. 5, part of stele of root pictured in fig. 2 ; sieve plates 
in face view at a, sieve tubes at b, and companion cells at c; d, immature fibers. X 1 100. 






Figs. 6, 7. — Fig. 6, part of stele of root pictured in figs. 2 and 5; sieve plate in face view at a; companion 
cells at b and c, not forming vertical row, but at different levels. X 1300. Fig. 7, cross section of root of Canada 
pea at level of very young developing nodule; rhizobial infection strand at a. X 250. 
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tinguished from the surrounding peri- 
blem (fig. 3). Earliest differentiation of 
vascular tissues in this region of the 
branch root proceeds outward from the 
phloem and xylem of the primary root, 
with which the basal plerome cells are in 
contact from the start. The secondary 
root develops an endodermis that is 
joined to the primary root endodermis 
across the base of the cortical region of 
the branch root. 

Cross sections of pea roots, at the level 
of developing nodules, showed in every 
case that bacterial invasion occurred 
through a root hair (figs. 7, 9). These ob- 
servations agree with those of Wipe and 
Cooper (31). They found that some infec- 
tion strands continued growth through 
almost the entire cortex without appar- 
ent effect on the cortical cells. In most 
cases, however, they noted division fig- 
ures, many of which showed the di- 
somatic chromosome number, in cortical 
cells near the tip of the infection strand. 
In the present investigation, every infec- 
tion strand found had produced some ef- 
fect on the cortical cells, although in one 
case divisions of the cortical cells had 
been very few and had ceased before a 
typical nodule was formed. 

Early stages in the proliferation of 
root tissues in the formation of nodules 
were observed in the varieties Canada 
and Perfection slightly less than 2 weeks 
after the inoculated seeds were planted — 
about 10 days after germination. In both 
varieties the infection strands penetrate 
about half the distance from the epi- 
dermis to the cortex. In either primary 
or secondary roots this may include 
three to five layers of cortical cells, de- 
pending upon the size of the root. Those 
cortical cells which lie in an arc around 
the end of the zoogloeal thread, between 
the tip of the strand and the endodermis, 
soon are stimulated to divide. These 


early divisions are not followed immedi- 
ately by cell enlargement, so that the 
young nodule appears for a time as a 
mass of small, densely protoplasmic cells 
surrounding the tip of the rhizobial 
zoogloea (fig. 7). At levels at which vas- 
cular strands will develop, tangential di- 
visions of the pericyclic cells adjacent to 
the region of .cortical proliferation soon 
occur, and, in a few cases, the endo- 
dermal cells between had definitely di- 
vided tangentially. In one case both 
daughter cells had Gasparian bands. 
This is noLusually true, and, where divi- 
sions have occurred in the endodermis, 
that tissue is difficult to follow in a young 
nodule. At other levels the root endo- 
dermis does not lose its identity. The 
cells that divide first in response to the 
presence of the rhizbbia are outside the 
endodermis and, therefore, definitely 
cortical. This agrees with observations 
made by Wipe and Cooper (31). There- 
fore, the nodule does not originate in the 
same tissue as the secondary root, as was 
considered to be the case by Dangeard 
(8) and by others. 

The nodule enlarges at first through 
continued tangential divisions of cortical 
cells about a center approximately at the 
tip of the infection strand. Further en- 
largement of the tubercle is brought 
about by an increase in cell size as well 
as by cell division. The characteristic re- 
gions of the nodule become delimited as 
it increases in size. Mitoses gradually 
cease in most cells in the portion of the 
young nodule near the stele but continue 
toward the periphery of the root, so that 
a meristematic region becomes delimited 
apically in the nodule (figs. 12, 14). 
Those cells in which division ceases in the 
basal portion of the nodule enlarge and 
mature as parenchymatous cells. The 
cells which will give rise to the vascular 
strands remain meristematic. The latter 
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cells divide radially, forming the pro- 
A^ascular strands (figs. 12, 13). 

The bacteroid region next becomes 
visibly distinct. As cells of the young 
tubercle enlarge, branches of the infec- 
tion thread penetrate many of them. 
Bacteria are released within some cells 
that contain infection strands, evidently 
by a partial dissolving of the gum im- 
bedding the rhizobia. This occurs in a 
portion of the strand not inclosed by a 
cellulose wall, as was observed also by 
Thornton (21). The bacteria multiply 
in the cytoplasm of the host cells, the 
cells gradually assuming the appearance 
typical of the infected cells of the bac- 
teroid region (fig. 20). The nucleus of 
each infected cell becomes much en- 
larged and contains a number of large, 
dark-staining bodies that, from a study 
of intermediate stages in their formation, 
appear to be aggregations of nuclear 
chromatin. A cell from the bacteroid re- 
gion of the nodule has a large central 
vacuole, and the cytoplasm is filled with 
bacteria of various shapes — rods, clubs, 
and X- or Y-shaped branched forms. 
Occasionally, a few starch grains are 
found in the peripheral layer of the cyto- 
plasm of infected cells. Branches of the 
rhizobial zoogloea continue to intrude 
into many of the new cells laid down by 
the nodule meristem, but in no case were 
infection strands found in the outermost 
layers of the meristematic region. Figures 
18, 19, and 20 show groups of cells se- 
lected at intervals of about ten cell layers 
from the nodule meristem. The cells of 
the first group are from the meristem 
proper, those of the second have infection 
strands in them, and the cells in the 
third group are from the edge of the bac- 
teroid region. Older cells than those pic- 
tured in figure 20 have bacteria much 
more closely packed in the cytoplasm, 
and the rhizobia in such cells stain less 
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distinctly. Probably because of the cellu- 
lose walls formed around them, the 
zoogloeal threads maintain their iden- 
tity, and their branches are recognizable 
throughout the bacteroid area, especially 
in nodules on Canada peas. Most ceils 



Figs. 8, 9. — Transverse sections of roots of Cana- 
da pea at level of young developing nodules, before 
differentiation of vascular tissues in nodules; a, in- 
fection threads in cells of outer cortical parenchyma; 
b, infectidp: strand in root hair. X 100. 

containing bacteria obviously have be- 
come infected by means of these strands, 
but the branches are not sufficiently nu- 
merous to account for all the infected 
cells. In a few cases, division figures were 
observed in cells already containing in 
the cytoplasm a few rhizobia that would 
become distributed at cytokinesis to the 
two daughter cells. In no case was a typi- 
cal bacteroid cell— one with numerous 
bacteria already present — observed in a 
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Figs, io, ii. Transverse sections of pea roots. X45c>- Fig. lo (above), variety Perfection; part of stele 
and young nodule at level of differentiation of one nodular bundle; a, b, c, radial rows of cells with nuclei in 
prophase stages of first radial divisions to form base of provascular strand. Fig. ii (below), variety Canada; 
first maturation of vascular tissues at base of nodular bundle; a, scalariform tracheids; radial division in 
phloem. 
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division stage. Some cells lying among 
those that are infected contain no bac- 
teria. These cells have smaller nuclei than 
adjacent infected cells, and their cyto- 
plasm frequently contains starch grains 
(fig. 20). 

By the time that the nodule nieristem 
and the bacteroid region are clearly rec- 
ognizable, the nodule has enlarged so 
that it protrudes well beyond the original 
line of the root periphery. The root epi- 
dermis is broken, but cells of the cortical 
parenchyma divide and stretch consider- 
ably so that they remain as the outer- 
most layer of the nodule (figs. 12-17). 
The nodule never emerges from the origi- 
nal root cortex as does a secondary root. 

Within a week after initiation, the 
nodule has about the same diameter as 
the root, and the tissues characteristic of 
the mature nodule become differentiated 
in its basal portion. Surrounding the bac- 
teroid region, except on its side adjacent 
to the nodule meristem, is a nodule cor- 
tex of uninfected parenchymatous cells. 
These cells, distinguishable from the 
outer, root cortex by their smaller size, 
are part of the nodule proper, because 
they are derived from the general meri- 
stematic region of the nodule. Each of 
the vascular bundles differentiated in 
this nodular cortex is surrounded by a 
typical endodermal layer with Casparian 
bands ; this layer will be referred to as the 
“vascular endodermis” or “bundle endo- 
dermis.” In addition, the outermost layer 
of the uninfected cortical parenchyma of 
the nodule develops Casparian bands, 
thus forming an endodermal layer be- 
tween the nodule proper and the outer 
cortex made up of stretched cortical cells 
of the root. This outer endodermal layer 
will be referred to as the “nodule endo- 
dermis.’^ The junction of these endo- 
dermal layers of the nodule with the 
endodermis of the root at the base of the 


mature nodule is of interest. The root 
endodermis loses its identity only at the 
levels at which the two main vascular 
bundles of the nodule become differenti- 
ated; this provides further evidence that, 
with the exception of the base of each 
vascular strand, the tissues of the nodule 
are cortical in origin (figs. 23, 24). 

In pea, the nodule becomes more or 
less cylindric in shape through the action 
of the apically localized nodule meristem. 
All the tissues of the nodule — the bac- 
teroid region, the cortex, the vascular 
strands, and the nodule endodermis — 



Figs. 12, 13. — Transverse sections of root of 
Canada pea. Xioo. Fig. 12, with nodule vascular 
strand pictured at higher magnification in fig. ii. 
Fig. 13, nearer periphery of nodule showm in figs, ii 
and 12, showing continuity of provascular strand to 
apical meristem of young nodule. 
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differentiate acropetally as new cells are 
laid down by the meristem. The meristem 
continues to function long after the old- 
est bacteroid cells have begun to dis- 
integrate, but the nodule eventually (af- 
ter about 2 months, in this material) be- 
comes a hollow shell filled with a mass of 
bacteria and disintegrated host cells (figs, 

16,17)' 

The vascular system of the mature 
nodule has a fairly regular pattern. Two 
main vascular strands differentiate in the 
base of the nodule (figs. 22, 25). These 
bundles branch dichotomously one or 
more times, giving a total of from six to 


ten strands. Each main bundle usually 
branches twice, so that the number of 
vascular strands most frequently visible 
in a subapical transverse section of the 
nodule is eight (fig. 26). The origin of the 
two strands which connect to the root 
stele varies according to the location of 
the nodule. If the infection strand pene- 
trates into the cortex almost directly op- 
posite the phloem of the stele— that is, 
midway between two xylem arms — the 
two bundles usually originate one ad- 
jacent to each of the two xylem arms and 
at nearly the same horizontal level. If, 
as is more frequently the case, the infec- 






rya*} ( i. ' 





1948] 


BOND-^-MORPHOLOGY OF ROOT NODULES 


4-5 


tioii thiead penetrates to a point nearer one above the other j to each of two ad- 
to one xylem arm than to another, both jacent xylem arms. If the two main 
nodular bundles are connected with that strands are one above the other, the 
xylem arm, one above the other. In one first two pairs of dichotomous branches 
exceptional nodule of the first type, there lie in a horizontal position. If the two 
were four main strands, two connecting, main strands attach to two different 



Figs. 15, 16. — Transverse section of roots of Canada pea. Fig. 15, nodule slightly larger than that in hg. 


14. Regions as in fig. 14. X 100. Fig, 16, old nodule with bacteroid region disintegrating. X 70. 
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xylem arms, the first branching occurs in 
more or less vertical planes. The branches 
of the vascular strands are continuous to 
the persistent meristem, and in trans- 
verse section as many groups of pro- 
vascular cells as there are branches are 
visible very near the tip of the nodule. 


There is no evidence of anastomosing or 
joining of these strands at the apex of the 
tubercle. 

In a study of the ontogeny of the vas- 
cular system, the first indications of the 
origin of nodular bundles are the tan- 
gential divisions of cells in the pericycle 



Figs. i7~2o.~Fig. 17, diagram of transverse section of root of Canada pea showing old nodule, cylindric 
in shape; a, nodule meristem; 6, bacteroid region; c, disintegrating old bacteroid region. X40. Figs. 18, 19, 20, 
groups of cells selected at intervals of about ten cell layers from meristem of mature nodule of Alaska pea; 
fig. 18, from meristem; fig. 19, intrusion of infection strands, a; fig. 20, from bacteroid region. X550. 
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and endodermis of the root. Serial trans- 
verse sections of roots bearing young 
nodules show that only at the levels at 
which the two main vascular strands of 
the nodule differentiate is there active 
division of pericyclic cells or any division 
of endodermal cells. This observation is 


confirmed by study of both transverse 
and longitudinal sections of roots bearing 
slightly older nodules (figs. 21, 22). At 
levels of the nodule above and below the 
two vascular bundles, the pericycle oppo- 
site the root phloem consists of a single 
layer of cells that have undergone some 



Figs. 21-24.— Fig. 21, semidiagrammatic representation of cross section of root of Canada pea at level near 
nodular bundle; a, root endodermis; 6, pericycle. X75. Fig. 22, diagrammatic representation of root and 
nodule, showing two main nodular bundles; a, root xylem; b, xylem of nodular bundle; c, root endodermis; d, 
nodule endodermis; e, nodular bundle endodermis. X7S. Figs. 23, 24, part of transverse sections through 
base of nodule of Alaska pea. X250. Fig. 23, junction of nodule endodermis with root endodermis; a, root 
endodermis; 6, nodule endodermis; c, infected cells of nodule; protoxylem of root. Fig. 24, jimction of 
nodule endodermis and nodule vascular endodermis with root endodermis; a, root endodermis; 6, nodular 
bundle; c, nodule vascular endodermis; d, nodule endodermis. 




Figs 25-27 — Fig. 25, tangential section of root of Canada pea through base of nodule, showing two mai 
nodular bundles m cross section, o. X 100. Fig. 26, cross section near apex of nodule shown in fig. 25; a, nodul 
outer cortex; i. provascular strands in cross section. Xioo. Fig. 27, cross section of provascula 
strand at level a little farther from tip than fig. 26, showing Casparian bands in bundle endodermis, 0, an. 
in nodule endodermis, 6/ vascular tissues of bundle not differentiated. X4S0. 
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hypertrophy; opposite the xyiem, the 
pericycle consists of the usual two or 
three layers of cells, which show some 
radial elongation. 

The second stage in the development 
of the vascular strands of the nodule is a 
marked radial elongation of rows of cells 
derived from the tangential divisions of 
the pericycle opposite the xyiem and 
phloem of the root. Then, almost simiiL 
taneously, radial divisions occur in two 
to several rows of cells, one continuous 
from the side of the xyiem arm to the 
endodermis, another continuous from the 
sieve tubes lying nearest one side of the 
xyiem arm, and sometimes a row' con- 
tinuous with the phloem abutting the 
other side of the xyiem arm (fig. lo). 
There follow very closely similar divi- 
sions of the endodermal derivatives ad- 
jacent to these rows. Then, simultaneous 
radial divisions of cells in the basal region 
of the nodule form provascular strands 
that are continuous to the apical meri- 
stem of the young nodule (figs. 12, 13). 

Differentiation of the vascular tissues 
is acropetal. By the time that the basal 
parenchyma cells of the nodule are en- 
larged and definite provascular strands 
can be seen between the root stele and 
the nodule meristem, maturation is al- 
most complete in the cells of the part of 
the vascular strand derived from the 
pericycle, and secondary thickenings are 
visible on xyiem walls (figs. 11, 12). Dif- 
ferentiation then proceeds from the root 
stele acropetally in the provascular 
strands. This differentiation is paralleled 
by differentiation of the nodule endo- 
dermis. About the time that differentia- 
tion of xyiem and phloem begins in the 
provascular strand, the nodule endo- 
dermis starts to develop adjacent to the 
root endodermis. The peripheral cells at 
the base of the nodule develop wall thick- 
enings, which are typical Casparian 


bands. In the part of each vascular strand 
between the root endodermis and the 
nodule meristem, the bundle endodermis 
becomes differentiated as a layer con- 
tinuous with the endodermal layer of the 
root (fig. 24). At the base of the vascular 
strand, the bundle endodermis and the 
xyiem mature at about the same time, a 
little later than the nodule endodermis. 
Cross sections of the nodule show a 
slightly different order of differentiation 
near its apex. Here the first tissue to ma- 
ture in the vascular strands is the bundle 
endodermis, xvhich develops Casparian 
bands at about the level nearest the apex 
at which bacteroid tissue is distinguish- 
able (figs. 27, 28). This differentiation is 
followed closely by maturation of the 
nodule endodermis, which develops typi- 
cal Casparian strips first opposite the 
provascular strands (fig. 29), and then 
becomes continuous around the entire 
nodule. The phloem becomes recogniz- 
able by its paired cells with prominent 
nuclei, and thickening of the xyiem walls 
begins at almost the same level, a few 
microns farther from the apex than the 
first differentiated nodule endodermis 
(fig,3o). The fully differentiated vascular 
strand is composed of scalariform xyiem 
elements—all of which appear to be 
tracheids — that lie toward the outside of 
the nodule and, centripetal to the xyiem, 
phloem consisting of sieve tubes, com- 
panion ceils, and parenchyma. The con- 
ducting tissues are surrounded by a par- 
enchymatous bundle sheath, and the 
whole bundle is surrounded by the vas- 
cular endodermis (figs. 29, 30). The in- 
verse collateral arrangement of xyiem 
and phloem in' the bundle is established 
very near the nodule base (fig. 25). This 
is true even in a strand that is bicol- 
lateral at its base. In cases in which 
strands of phloem connect to the two 
phloem strands adjacent to a xyiem arm 



Figs. 28-34,— Fig. 28, bundle at level just above that shown in fig. 27; a, Casparian bands in part of 
bundle endodermis. Fig. 29, bundle just below level in fig. 27; a, bundle endodermis; h, nodule endodermis; 
c, xylem with walls becoming thickened; phloem; e, bundle sheath. Fig. 30, longitudinal section of bundle 
from same nodule; a, bundle endodermis; xylem; c, sieve tube; d, companion cell; e, bundle sheath. Fig. 
31, edge of nodule, showing 2n chromosome plate in nodule cortex. Fig. 32, portion of same, enlarged to 
show 2n (—14) chromosome plate. Fig. 33, cell from nodule meristem of Canada pea showing 28 (4/?) chromo- 
somes. Fig. 34, part of pro vascular strand, showing one 2n and one chromosome plate. Figs. 28-30, 32, 33, 
X550- Figs. 31/34, X 250. 
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in the root stele, they arise at a level 
slightly nearer the center of the nodule 
than the xylem. The orientation of the 
two strands changes through an angle of 
90° so that one comes to lie above the 
other and both are nearer the axis of the 
nodule than the xylem. As they differen- 
tiate apically, these two strands join to 
form the single phloem strand found 
throughout most of the length of the 
vascular bundle. At the very base of the 
nodule there is some cambial activity in 
the bundle, and numerous tracheids are 
added by the cambium and by the mat- 
uration of pericyclic derivatives to make 
the connecting xylem mass conical in 
shape. The phloem of the nodular bundles 
does not reach the stage of maturity 
found in the root stele; the nuclei remain 
prominent in the sieve tubes, and slime 
bodies are not conspicuous. 

The general arrangement of vascular 
tissues and the branching of the bundles 
of nodules were described by Vuillemin 
(26) for several species of leguminous 
plants. He did not observe the nodule 
endodermis but did picture the endo- 
dermal layer around each bundle. He 
considered the nodule vascular system a 
simple polystele with inverted bundles. 
Dangeard (8) observed both the nodule 
endodermis and the bundle endodermis 
in a number of Leguminosae, including 
Pisum. In only one case, which he dis- 
missed, did he observe levels of the nod- 
ule at which the continuity of the root 
endodermis across the nodule base was 
visible. For this reason, he interpreted 
the nodule endodermis as a stretched 
root endodermis and considered the nod- 
ule pericyclic in origin. Thornton and 
his co-workers (4, 21, 23) noted the pres- 
ence of the two types of endodermis in 
the nodules of alfalfa but did not trace 
their development. Frazer (ii) studied 
in detail the endodermal layers in mature 


nodules of clover, broad bean, soybean, 
and pea, varieties ^'Maple'" and “Glad- 
stone’’; but she concluded that the outer 
layer was not a typical endodermis be- 
cause she found no walls with Casparian 
bands but only completely suberized 
walls. Thornton applied the name “lat- 
eral endodermis” and Frazer the name 
“common endodermis” to the outer layer 
that is called here the “nodule endo- 
dermis.” Frazer pointed out that the 
term “lateral” is hardly an accurate de- 
scription of the outer endodermis in nod- 
ules of the spherical type. Because “com- 
mon” is used to refer to vascular tissues 
in stems, the term “nodule endodermis” 
is used in the present study as more near- 
ly descriptive of the tissue in question. 
The term “vascular endodermis” or 
“bundle endodermis” seems adequate for 
the endodermal layer surrounding the 
vascular strand. In the varieties of pea 
used in the present investigation, both 
the vascular and the outer endodermal 
layers of the nodule as well as the root 
endodermis show typical Casparian 
bands and should be considered true en- 
dodermal layers. Their physiological sig- 
nificance has not been determined ade- 
quately (ii), and, because their arrange- 
ment is unlike that found in any other 
plant organ, further physiological studies 
should be of interest. 

This account of the vascular system of 
the pea nodule differs at several points 
from that given for soybean by Bieber- 
DORF (2). He found that, in the formation 
of the provascular strands, the first radial 
divisions occur in the cortical paren- 
chyma cells at the base of the nodule and 
proceed both apically and back toward 
the root. In contrast, radial divisions 
that form provascular strands in pea pro- 
ceed acropetally. Another difference is 
that Bieberdorf found nodular bundles 
to be not collateral but made up of 
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scalariform xylem vessels ‘'^surrounded 
by parenchyma cells that are of a phlo- 
em-like nature.’’ He observed consider- 
able cambial activity in the nodule 
bundles of soybean, which is in contrast 
to the usually slight cambial activity in 
pea. In the present study there was no 
evidence that vascular bundles in the pea 
unite at the nodule apex as Bieberdorf 
found that they do in soybean. 

The necessity of boron for vascular 
differentiation in the nodule (4) and the 
peculiar effects of sodium nitrate upon 
its endodermal layers (23) suggest that 
further physiological studies are neces- 
sary for an understanding of the complex 
interrelationship of rhizobia and legu- 
minous host plants of which nodule de- 
velopment is one result. 

The chromosome number of nodule 
cells is of interest. Present observations 
agree with those of others (20, 30, 31) in 
showing that many cells in the nodule 
meristem are tetraploid, having twenty- 
eight chromosomes (fig. 33). In one case, 
however, a plate showing fourteen chro- 
mosomes was found near the center of the 
meristematic region of a fairly mature 
nodule. The cells in the nodule cortex 
were observed to be diploid (figs. 31, 32), 
as was noted by Wipf (29). In one case, 
diploid and tetraploid chromosome plates 
were observed in the same provascular 
strand (fig. 34). This raises an interesting 
question as to the nature of the tissues 
making up the vascular bundles. Addi- 
tional information as to actual chromo- 
some numbers in various parts of the 
nodule would be of very great interest. 
The lack of division figures in the bac- 
teroid and some other regions has made 
such information relatively unavailable. 
Because of the tremendous variation in 
size of resting nuclei within the nodule 
(figs. 18, 19, 20), there is some doubt that 
their size can be considered a reliable 


criterion of chromosome number in these 
cells. 

From their observations on the origin 
of nodules, Wipe and Cooper (31) sug- 
gested that in the leguminous root only 
regions containing disomatic cortical 
cells develop into nodules and that the 
lack of proliferation of cortical cells near 
other infection strands may be the result 
of the absence of tetraploid cells in the 
vicinity. If this is the case, it would be of 
interest to know why only those diploid 
cells occurring near tetraploid cells divide 
in response to the presence of rhizobia. 
Carbohydrate supply has been suggested 
as another limiting factor to the number 
of infection strands that actually stimu- 
late nodule development. Observations 
indicate that the number of nodules per 
unit length of pea root is greater in plants 
growing under conditions very favorable 
for photosynthesis; whether the number 
of naturally occurring disomafic cells is 
also increased under such conditions is 
not known. In view of the variety of sub- 
stances that may upset mitosis and re- 
sult in the production of polyploidy, the 
possibility that some substance secreted 
by the rhizobia may induce polyploidy 
in the nodule cells is not entirely elimi- 
nated. If the infection strands can infect 
only cells that are already disomatic, 
then the disomaty may be a result of 
some other characteristic of the cell, such 
as cytoplasmic viscosity, that also al- 
lows release of the bacteria into the host- 
cell cytoplasm. All these questions sug- 
gest lines for further study of the inter- 
relations of rhizobia and the cells of their 
hosts. 

Summary 

1. The anatomy of the root of Pisum 
sativum in the region of nodule develop- 
ment is described. 

2. Both the protophloem and the meta- 
phloem in the roots of plants of the 
variety Perfection are characterized by 
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sieve tubes with companion cells and 
sieve plates. In the variety Canada, roots 
show conspicuous dumbbell-shaped slime 
bodies in the sieve tubes. 

3. Branch roots originate by divisions 
of pericyclic cells opposite one of the 
xylem arms. 

4. Some radial divisions occur in the 
endodermal cells opposite developing 
branch roots, but the endodermal sheath 
remains continuous for only a short time 
and is soon ruptured near the base of the 
elongating lateral root. 

5. Root nodules originate by prolifera- 
tion of the cortical parenchyma cells in 
the vicinity of the rhizobial infection 
strand, which enters the root through a 
root hair and penetrates through three 
to five layers of cortical parenchyma 
cells. 

6. The number of cells in the nodule 
increases at first by divisions throughout 
a spherical mass of cells, then by the ac- 
tion of an apically localized meristematic 
region. 

7. Branches of the infection strand 
penetrate many of the cells in the central 
region of the developing nodule, and 
rhizobia are released into the cytoplasm 
of the host cells. 

8. Divisions occur in some infected 
cells, but no division stages were ob- 
served in cells having many rhizobia in 
the cytoplasm. 

9. The nodule becomes differentiated 
into an infected or bacteroid region, ad- 
jacent to the apical meristematic region, 
and an uninfected cortical parenchyma. 

10. The root epidermis is broken as the 
nodule enlarges, but the nodule does not 
emerge from the root cortex. 

11. Two main vascular strands differ- 
entiate at the base of the nodule and 
branch dichotomously to give from six to 
ten vascular bundles near the apex of the 
nodule. 

12. At the level of the root at which a 


nodule vascular strand differentiates, the 
pericyclic cells adjacent to a xylem arm 
and the endodermal cells in the same 
radii of the root divide first tangentially, 
then radially. The provascular strands 
become differentiated acropetally by ra- 
dial divisions of cells in the uninfected 
cortical region of the nodule. 

13. Maturation of vascular tissues in 
the nodule begins in the cells derived 
from the root peri cycle and proceeds 
acropetally. 

14. There are two endodermal layers 
in the nodule. An endodermis with typi- 
cal Casparian bands surrounds each vas- 
cular strand and is termed the “vascular 
endodermis’’ or bundle endodermis.” 
An endodermal layer designated here as 
the “nodule endodermis” differentiates 
in the outermost layer of the uninfected 
cells of the nodule cortex and forms a 
cylinder adjacent to the larger stretched 
cells of the surrounding root cortex. The 
cells of this endodermal layer also have 
typical Casparian bands. Both endo- 
dermal layers join the endodermis of the 
root. 

15. The number of chromosomes found 
in the cells of the nodule usually is 
twenty-eight (4^) in its meristem and 
fourteen (2^) in its cortical region. One 
cell near the center of the nodule meri- 
stem had fourteen chromosomes. Two 
cells in the same provascular strand had 
different numbers of chromosomes, one 
fourteen, one twenty-eight. 

I wish to express my sincere apprecia- 
tion for the helpful suggestions and criti- 
cism given in the course of this investiga- 
tion by Professors Emma L. ITsk and 
Elizabeth McCoy of the University of 
Wisconsin. The photomicrographs were 
made by Mr. Eugene Herrling. 
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RESPONSES OF PEA ROOTS TO APPLICATION OF 
CERTAIN GROWTH-REGULATING SUBSTANCES 


LOIL\ BOND' 


Introduction 

The stimulus to cell proliferation in 
leguminous roots that ultimately results 
in nodule development has been the sub- 
ject of considerable speculation. The root 
nodule is obviously related to bacterial 
infection (ii), and for a time after the 
discovery of bacteria in the nodule no 
other stimulus than their presence was 
sought. In 1936 Thimann (25) suggested 
a theory of nodule formation based upon 
a synthesis of several facts established 
by earlier experiments. According to his 
theory, the nodule is essentially a branch 
root stimulated to develop but prevented 
from elongating by some diffusible sub- 
stance, probably indoleacetic acid, pro- 
duced by the rhizobia. The direct experi- 
mental evidence that Thimann gave in 
support of his theory is that (a) young 
nodules give a positive Avena test and 
(b) external, application of indole-3-acetic 
acid induces swelling of pea roots and 
lateral root initiation. Other investiga- 
tors have demonstrated that rhizobia 
produce indoleacetic acid if grown in a 
medium containing tryptophane (9, 12, 
18); that nodules have a greater auxin 
content than the roots on which they are 
borne (19);. and that rhizobial culture 
medium (22) or pure indoleacetic acid 
(20) will cause pericyclic proliferation 
and cortical hypertrophy. Indoleacetic 
acid also induces excessive branch root 
initiation in leguminous roots. Such evi- 
dence supports Thimann's theory, but 

^ Investigation carried on at the University of 
Wisconsin, where the author was a Wisconsin 
Alumni Research Foundation Research Assistant 
in the Department of Botany. 


Kraus (14) pointed out that anatomical 
evidence also should be taken into ac- 
count. 

The nodule anatomy of several legu- 
minous plants (alfalfa, bean, bur clover, 
pea, peanut, and soybean) has been 
studied in detail (26; 21; 23; 6, 10, 27; i; 
4). Except in peanut, the root tissue that 
proliferates and contributes to the nodule 
structure is the cortical parenchyma. 
Secondary roots in leguminous plants 
that have been examined (6, 7) are 
pericyclic in origin. The difference in 
origin of these two structures indicates 
that they are not homologous. Even in 
peanut, in which the nodule does arise in 
the pericycle, there are anatomical differ- 
ences between nodules and lateral roots 
(i). The idea that the tubercle or nodule 
is a potential lateral root, the develop- 
ment of which has been arrested, is not 
supported by literature dealing with 
nodule morphology. The question re- 
mains whether some specific substance 
produced by the rhizobia stimulates the 
proliferation of the root cortex. 

Review of literature 

There are few reports on the effects of 
application of growth-regulating com- 
pounds to roots; certainly there have 
been few such extensive and careful his- 
tological studies as those made by 
Kraus and his coworkers (13, 14, 15, 16) 
on decapitated stems and other aerial 
parts of bean plants. 

The cessation of elongation and the in- 
crease in diameter of roots of plants 
grown from seeds or seedlings treated 
with colchicine, chloral hydrate, or 
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growth substances has been noted by 
many workersj cited by Bond (5) and by 
Carlton (8). 

Zimmerman and Hitchcock (28) 
found that when aerial roots of a tropical 
grape (Cissus sicyoides L. var. jaquini 
Planch.) were treated with various '^root- 
forming substances'"’ (alpha-naphtha- 
leneacetic acid, indoleacetic acid, indole- 
propionic acid, indolebutyric acid, delta- 
[3-indolyl]-valeric acid, and phenylacetic 
acid) in aqueous solution or in lanolin 
preparation, responses were bending, re- 
tardation in extension, increase in diam- 
eter, and, within 3 days, the initiation of 
branch roots. They found application of 
lanolin mixtures farther away from the 
tip than the region of elongation to be in- 
effective unless the root was scraped first, 

. in which case lateral roots were initiated 
just behind the treated area. Pfeiffer 
(24) observed sections of roots of the 
same tropical grape which had been 
treated with indolebutyric acid or other 
compounds. The branch roots that de- 
veloped on the aerial roots following 
chemical treatment were typical lateral 
roots arising in the pericycle; the tissue 
giving rise to each young root lay entirely 
within the endodermis of the main root. 
Zimmerman and Hitchcock (29), in fur- 
ther experiments on the responses of 
aerial roots of Cissus, found that both 
phenoxy and naphthoxy compounds in- 
duced unusual swellings that developed 
into fasciated rows of branch roots op- 
posite the vascular strands. The vascular 
structure was maintained in each lateral 
root primordium of the fasciated row of 
branch roots, and the vascular tissue 
showed that each fasciated wing was 
composed of six or more roots. 

Carlton (8) made detailed anatomical 
studies of treated roots of several bulb- 
forming monocotyledonous plants (Al- 
lium cepa, N arcissus yzi . Paper White, 


Tulipa vars. John Ruskin and Louis 
XIV). The bulbs were allowed to develop 
roots in a three-salt nutrient solution ; in- 
dividual bulbs were then transferred for 
24-72 hours to a nutrient solution con- 
taining one of six growth-regulating sub- 
stances (alpha-naphthaleneacetic acid, 
indole-3-acetic acid, indole-3-butyric 
acid, beta-naphthoxyacetic acid, alpha- 
naphthyl acetamide, and tryptophane). 
Roots were sectioned at different inter- 
vals after being transferred back to the 
ordinary nutrient solution. Carlton ob- 
served that root tumors which developed 
differed with both the kind of plant and 
the chemical used. In Narcissus only 
slight proliferation was observed and 
that was in endodermal cells. In Allium 
tumors resulted chiefly from hypertrophy 
of cortical cells and from proliferation of 
pericyclic cells, with or without forma- 
tion of definite, organized branch-root 
primordia. 

There have been a few investigations 
of root responses of leguminous plants to 
growth-regulating chemicals. These in- 
clude the studies of Thimann (25) on pea 
and Link et al. (20) on bean. The roots 
on their plants curved and developed ir- 
regular enlargements in response to sur- 
face application of indoleacetic acid in 
lanolin; no detailed histological studies 
were made in either of these cases. Beal 
(2, 3) found that certain chlorophenoxy 
compounds, when applied to leaves or 
stems of sweet pea or bean, induced 
marked proliferation of certain tissues in 
their roots. 

Material and methods 

T wo varieties of cultivated pea (Pisum 
sativum L.) were used; Canada field pea 
and Perfection garden pea. Because the 
study was undertaken in order to com- 
pare the effects of growth-regulating sub- 
stances with the effects of rhizobia in 
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stimulating nodule production, the 
plants were, grown under bacteriological- 
ly controlled conditions’ to insure: the ab- 
sence of rhizobia from the cultures. Seeds 
were sterilized by a method previously 
described (6) and were allowed to soak 
overnight in sterile distilled water. Ger- 
minating seeds were then placed in cul- 
ture jars (fig. i) that had been sterilized 
by autoclaving. These jars were cylin- 
d^ie, 3 J inches in diameter and 8 inches 
high. Each was filled to a depth of i inch 
with a Crone’s salts nutrient solution 
with 1% agar added to give a semisolid 
medium. Half a Petri dish was used as 
the cover for each jar, and a band of 
plugging cotton was inserted between the 
jar rim and the lid to allow some inter- 
change of gases. Twelve cultures were 
set up, six of Canada peas and six of Per- 
fection peas. The seeds, usually five per 
jar, were placed carefully on the surface 
of the medium, with the hypocotyl 
pointing down. The jars were kept in a 
dark room for 2 days, until the primary 
root had penetrated into the culture me- 
dium and the plumule had emerged from 
the seed coat. Then a black paper jacket 
5 inches wide was fastened around the 
lower part of each jar, and the cultures 
were transferred to the greenhouse. 

A week later the roots were treated. 
Five growth-regulating substances were 
used: indoleacetic acid, asparagine, tryp- 
tophane, 2,4,5-trichlorophenoxyacetic ac- 
id (2,4, 5-T), and 2,3,5-triiodobenzoic 
acid, each at a concentration of 1% in 
lanolin, except asparagine, used at 3%. 
In most cases a small block of agar con- 
taining a primary or secondary root tip 
was cut out aseptically, and the cut tip 
was measured to determine how far from 
the tip the surface to be treated lay. The 
tip was discarded. Then a pellet of lano- 
lin containing the chemical was placed on 
the cut surface of the attached root ex- 


posed by removal of the agar block. Lan- 
olin mixture was applied to the tips of a 
few uncut roots. Some roots were cut and 
not treated further, some were cut and 
treated with plain lanolin, and plain lan- 
olin was applied to the tips of some un- 
cut roots. Each substance was applied to 
the roots of Canada peas in one jar and 



Fig. I. — Culture jar used for growing plants 
treated with growth substances under bacterio- 
logically controlled conditions. 


to Perfection peas in another. In addi- 
tion, one container of plants of each 
variety was left untreated, except for 
three root tips of one plant of each that 
were inserted into vials of liquid filtrate 
from a culture of rhizobia. 

Treated roots, any other abnormal- 
looking roots from the same plants, and 
controls were collected i week after ap- 
plication of the chemicals and fixed in 
Karpechenko’s modification of Nava- 
shin’s solution, dehydrated, cleared and 
infiltrated by the cedar-oil method, and 
imbedded in paralfin. Sections cut 10 ju 
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thick were stained with safranin and 
Delafield’s haematoxylin. A few roots 
were cleared in eau de Javelle^ stained in 
basic fiichsin, dehydrated, and mounted 
whole. 

Results and discussion 

2,4,5-TRICHLOROPHENOXyACETIC ACID. 
—This acid induced more striking re- 


only in the distal portions, so that there 
was a greater difference in diameter be- 
tween the root tip and other parts of the 
organ than in the cut roots (fig. 2). On 
the same plants there was a marked ef- 
fect upon short secondary roots, which 
appeared stubby and of a characteristic 
mucronate shape (fig. 2). External ob- 
servations indicated that the roots vir- 



Fig. 2 Plants I week after application of 2,4,5-T; variety Canada at left, Perfection at right: a, cut 

roots; 6, short ‘‘mucronate” secondary root. X|. 6 

sponses than the other four growth sub- tually stopped elongating following ap- 

stances used in these experiments. The plication of the substance. 

cut secondary roots directly treated There were apparently two factors in- 
with this substance became thickened volved in the spread of this growth sub- 
throughout their length, but the greatest stance from the point of application to 
increase in diameter occurred within 2 other parts of the plant and to other 
or 3 mm. from the treated surface. These plants. One factor was transport within 
roots were enlarged sufficiently to appear the plant. Evidence that this may occur 
abnormal macroscopically (fig. 2). Even is found in the experiments of Beal (2) 
more apparent were the enlargements at who observed “telemorphic effects” in- 
the uncut tips of the primary and other duced in the root system of the sweet pea 
fairly mg secondary roots of the same following application of a related com- 
piants. These uncut roots were thickened oound. 
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the leaflets or stems. The second factor 
was diffusion of the substance through 
the semisolid agar medium in which the 
plants were grown. 2,4,s-T evidently dis- 
solved out into the medium from the 
lanolin mixture applied to the roots. In 
the culture of Canada peas so treated, 
the lanolin mixture was not applied to 
one plant (extreme left in fig. 2) because 
it had too few branch roots when the 
other plants were treated. Its roots, how- 
ever, later showed abnormalities similar 
to those of the other plants. The changes 
were more pronounced because they oc- 
curred at a different stage in root devel- 
opment. 

Mounts of whole roots affected by 
2,4, 5-T showed that increase in root di- 
ameter resulted chiefly from irregular 
enlargement of the stelar region. The var- 
iations in diameter increased with dis- 
tance from the tip, and enlarged portions 
were associated with secondary-root pri- 
mordia at higher levels. 

Sections of abnormal pea roots re- 
vealed that tissue proliferation induced 
by 2,4, s-T was somewhat similar to that 
induced by 4-chlorophenoxyacetic acid 
in sweet pea (2). Both longitudinal and 
transverse sections showed that root tis- 
sues obviously affected by 2, 4, 5-T dif- 
fered according to the stages of maturity 
reached at the time of application. In 
longitudinal section, the root cap cells ap- 
peared more nearly round and were ar- 
ranged in more regular rows than is usual 
in pea roots (fig. 3). Active division of 
cortical cells was found at a greater dis- 
tance from the tip in affected roots than 
is usual in normal roots (figs. 3, 4). The 
greatest meristematic activity occurred 
in the pericyclic region. From 0.5 mm. 
to 0.75 mm. from the root tip, the peri- 
cycle appeared in cross section as a ring 
of very small cells, with dense proto- 
plasm, encircling the immature vascular 


tissues and surrounded by a cortex of 
larger cells that were still dividing (fig. 
4). At a higher level, i mm. from the tip, 
the band made up of radial rows of peri- 
cyclic cells was much wider, accounting 



Fig. 3. — Longitudinal section of root of Per- 
fection pea treated with 2,4, s-T; a, hypertrophied 
ceils. X70. 


for almost all the increase in root diam- 
eter (fig. 5). At this level, protoxylem 
was differentiated, and there was little 
evidence of proliferation in the vascular 
tissues. The cortical cells showed only a 
few divisions. No distinct endodermal 
layer with Casparian bands was visible, 
and it appeared that some proliferation 
of the endodermis may have been associ- 
ated with the marked meristematic ac- 
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Figs. 4-6.— Transverse sections at successive levels’from near 
Same plant as in fig. 3. Xioo, 
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tivity of the pericycle. At a little higher 
level, 1.5 mm. from the tip, there • was 
still no evidence of proliferation in the 
vascular tissue, but the band of pericyclic 
cells was even wider, and the most active 
divisions were localized opposite one or 
more of the xylem arms (figs. 3, 6, 7). x4t 
this level, approximately that of maxi- 
mum diameter in the enlarged portion of 
the root, there was no meristematic ac- 
tivity in the cortex, and many of the 
cortical cells were stretched or torn by 
the centrifugal growth of masses of peri- 
cyclic cells. The number of root hairs on 
the part of the root i to 2 mm. from the 
tip, normally the region of maturation, 
was quite large, with the greatest num- 
ber at the level of maximum diameter. 
Marked hypertrophy of epidermal cells 
was also evident (fig. 3). In some parts 
of the root, the outermost cells were at 
the ends of radial rows of two to four cells 
that appeared to have arisen earlier by 
tangential divisions of epidermal cells. In 
the mature region, there was less tissue 
proliferation in response to 2,4,5-T, and 
it was limited to the vicinity of young 
branch roots. Meristematic activity in 
the cortical parenchyma of the base of 
partly emerged secondary roots and in 
the near-by pericyclic cells of the main 
root was responsible for the development 
of the collar^’ that made the root appear 
mucronate in shape (fig. 8). 

The response of the root tissues at dif- 
ferent levels indicates that the pericyclic 
cells retain the power of division longer 
than do the cells of other tissues. 

The vascular tissues did not mature 
beyond the stage they had reached when 
2,4,5-T was applied. This point is of in- 
terest in connection with the application 
of phenoxy compounds as herbicides. 

Tryptophane.— In material treated 
with this substance, the roots were not so 
obviously abnormal in external appear- 


ance as were those treated with 2,4,5-T. 
The tips of treated cut roots were slightly 
thickened, and uncut treated roots were 
visibly enlarged, but untreated roots on 
the same plants were not affected. 

Sections of tryptophane-treated roots 
showed several very marked differences 
in development from roots treated with 
the phenoxy compound. As in the latter, 
there was an increase in diameter of the 
stele, with consequent tearing of cortical 
cells (fig. 9), There were fewer divisions 
of pericyclic cells that resulted in definite 
radial rows of two to four cells, and one 
or more divisions occurred in endodermal 
cells (figs. 10, 12). The increase in stelar 
tissue was brought about in tryptophane- 
treated material chiefly by proliferation 
of xylem parenchyma, accompanied by 
some cambial activity. The phloem pro- 
liferated very little, if at all, and it be- 
came somewhat crushed by the prolifer- 
ating xylem. Numerous cells differenti- 
ated as scalariform tracheids in the stele, 
especially those derived from the xylem 
parenchyma. The protoxylem elements 
became plugged (fig. 10). Tissue matura- 
tion proceeded nearer to the tip than in 
untreated roots (fig. ii). 

The response to tryptophane was 
much more marked in pea roots than in 
roots oi Allium, TuUpa, and Narcissus 
observed by Carlton (8). In Allium 
there was little change in treated roots 
except that the endodermal cells divided 
■ tangentially. In Tulipa some cells of the 
proliferated endodermis “ take on the ap- 
pearance of wound tracheids.’’ In roots 
of Narcissus, there were a few divisions of 
pericyclic cells as well as of endodermal 
cells. 

The response of pea roots to trypto- 
phane was in some respects similar to, 
and in other respects quite different 
from, the response to tryptophane ob- 
served in bean stems by Kraus (14). In 





'■SiW: 





Figs. 9-10. — Fig. 9, transverse section through enlarged portion of root of Canada pea treated with 
tryptophane. X70. Fig. 10, stelar region of root shown at lower magnification in fig. 9; a, protoxylem, partly 
plugged; b, scalariform tracheids; c, row of pencyclic derivatives. X 45 ®- 





•12, Hg,^ II, longitudinal section of root of Canada pea treated with tryptophane, showing 
Lturation in lateral root. X70. Fig. 12, transverse section of root of Perfection pea treated with 
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bean stems, as in pea roots ^ the cambium 
underwent many divisions. There was 
enlargement and some division of epider- 
mal cells in the bean stems, and the cor- 
tical parenchyma cells divided to some 
extent. These responses were accom- 
panied by an extensive proliferation of 
ray cells. The most striking effect in 
bean stems, the very active proliferation 
of endodermal cells, was less prominent 
in pea roots. 

Three responses of pea roots to trypto- 
phane are of interest because of similari- 
ties to nodule proliferation. First, the 
cortical cells remained in a continuous 
layer over root primordia much longer 
than is normal; second, there was vascu- 
lar differentiation in the proliferated 
cells; and third, some division ’.of both 
endodermal and pericyclic cells occurred. 
There was one great difference between 
the response to tryptophane and the ef- 
fects of rhizobia in root tissues. In the 
tryptophane-treated material there was 
almost no proliferation of cortical cells, 
which form most of the nodule mass. An- 
other difference was that vascular differ- 
entiation did not follow a definite pat- 
tern, as it does in the nodule, but was 
quite irregular. 

Other substances.— Roots treated 
with indoleacetic acid increased slightly 
in diameter as a result of hypertrophy of 
cortical cells in the region of elongation. 
There was also some initiation of lateral 
roots by pericyclic activity. In roots 
treated with the filtrate from a culture of 
rhizobia, there was some stimulation of 
branch-root formation. 

Roots treated with asparagine or with 

2.3.5- triiodobenzoic acid showed almost 
no changes. Part of the reason for this 
lack of response may be that all the roots 
directly treated with those substances 
had the tips cut off, whereas in both the 

2.4.5- T“- and the tryptophane-treated 


material greater changes appeared in the 
uncut treated roots included iti those 
series than in cut roots. Changes in the 
treated cut roots were far less marked 
than the responses to tryptophane re- 
ported for decapitated bean stems by 
Kraus (14). The only cut roots that 
showed very great reactions were those 
treated with 2,4,5-T. 

Both lots of treated pea roots de- 
scribed in detail above — those treated 
with 2,4,5-T and those treated with 
tryptophane — differed in two respects 
from the roots of Cissus (24) and Allimn 
(17) treated with indoleacetic, indole- 
propionic, indolebutyric, or alpha-naph- 
thaleneacetic acid. First, the responses 
were not primarily the initiation of 
branch roots as in Cissus and Allium^ 
and, second, increase in the diameter of 
pea roots treated with tryptophane or 
with 2,4,5-T was brought about chiefly 
by an increase in cell number rather than 
by cell enlargement. Carlton (8) ob- 
served almost no increase in cell number, 
except near the meristematic region and 
in branch primordia, in roots of Allium ^ 
Narcissus, a.nd Tulipa enlarged as a re- 
sult of treatment with indole compounds. 

It may be concluded from these re- 
sults that none of the growth substances 
used in these experiments stimulates the 
type of tissue proliferation found in the 
formation of root nodules. Notably, pro- 
liferation of cortical cells was almost en- 
tirely lacking in all cases. This does not 
eliminate the possibility that the effect 
of rhizobia is brought about by some dif- 
fusible substance, not yet identified, that 
is produced by the bacteria. 

Summary 

1. Pea roots with their tips cut off 
showed marked response to application 
of 2,4, 5-trichlorophenoxy acetic acid 
(2,4,5-T) in lanolin and a less marked 
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one to tryptophane. Only slight reactions 
followed similar application of aspara- 
gine, indoleacetic acid, 2,3,5-triiodoben- 
zoic acid, or filtrate from a culture of 
rhizobia. 

2. Uncut roots enlarged more than cut 
roots following direct application of tryp- 
tophane or 2,4,5-T to each. Uncut roots 
enlarged more than cut roots on the same 
plant, following application of 2,4,5-T 
to the latter. 


4, Pea roots showed the following ef- 
fects from application of tryptophane: 
(a) an increase in diameter brought 
about chiefly by proliferation of xylem 
parenchyma and cambium; (b) some di- 
visions in pericycle and endodermis; 
(c) scattered cells in the stelar region 
maturing as scalar if orm tracheids. 

5. Tryptophane-treated roots re- 
sembled those with developing nodules 
in that there was some division of both 



3. Roots of pea showed the following 
effects after treatment with 2,4,5-T : 
(a) an increase in diameter brought about 
largely by meristematic activity of the 
pericycle, accompanied by some prolif- 
eration of the endodermis; (b) active di- 
vision of cortical parenchyma near the 
meristematic region; (c) in the enlarged 
region, stretched and torn cortical paren- 
chyma cells; (d) in the mature region, 
meristematic activity of the pericycle 
limited to the vicinity of branch roots; 
(e) hypertrophy of epidermal cells; (/) an 
increase in number of root hairs, especial- 
ly at the level of greatest diameter of the 
enlarged root; (g) failure in differentia- 
tion of vascular tissues beyond the stage 
reached at the time of application of the 
substance. 


pericyclic and endodermal cells and in 
that there was differentiation of scalari- 
form tracheids in the proliferated tissues 
of the stele. 

6. In pea roots none of the growth sub- 
stances used stimulated division of the 
cortical parenchyma cells, in which most 
of the proliferation takes place in devel- 
oping nodules. 

I wish to express my sincere apprecia- 
tion for the helpful suggestions and criti- 
cism given in the course of this investi- 
gation by Professors Emma L. Fisk and 
Elizabeth McCoy of the University of 
Wisconsin. The photomicrographs were 
made by Mr. Eugene Herrling. 
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ABSCISSION AND OTHER RESPONSES INDUCED BY 2 , 3 , 5 -TRI- 
lODOBENZOIC ACID IN BEAN PLANTS 

CONTRIBUTIONS PROM THE HULL BOTANICAL LABORATORY 698 
A. GERALDINE WHITING AND MARY AILEEN MURRAY 


Introduction 

2,3,5*-Triiodobenzoic acid has been 
classified (13) as a plant growth-regulat- 
ing substance which is active in inducing 
modification of organs but is inactive in 
causing cell elongation or root formation. 
In initial tests of this substance for 
physiological activity, Zimmerman and 
Hitchcock (14, 15) observed marked 
disturbance in the correlation of organs 
in tomato plants treated with the acid. 


They reported that vegetative growth 
and flowering habits were modified. 

In trials of various substances for 
herbicidal purposes, Kraus and Mit- 
chell (6) found that 2,3,5-triiodobenzoic 
acid induced changes mainly in the vege- 
tative character of treated bean plants. 
In the stem, internodal elongation was 
checked, and growth of terminal and 
axillary buds was affected. Leaves from 
these buds were dwarfed and curled, and 
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the surface was sometimes pebbled. The 
treatment failed to induce tumor forma- 
tioiij nor was the development of roots 
reported. In regard to flowering, they re- 
ported that the numbers of flowers in 
treated bean plants were not appreciably 
fewer than those of controls. The total 
growth was increased and the flowering 
period prolonged. 

Tumanov and Ltzandr (io) found dis- 
tinct variation in the sensitivity to the 
acid of the six different kinds of plants 
with which they experimented, Medicago 
saHva being the most sensitive. More- 
over, the response to treatment varied 
with the photoperiod. Vegetative plants 
of alfalfa grown on short day showed 
modification of organs in the growing 
points. Alfalfa grown under long photo- 
period and treated just before flowering 
gave an increased seed yield. Experi- 
ments by Galston (3), designed to de- 
termine the effect of this substance on 
flowering in soybean, also indicated dif- 
ferent responses in growth according to 
the photoperiod. Soybeans photoperiodi- 
cally maintained in a vegetative condi- 
tion showed modification of organs- and 
abscission of buds but no induction of 
flowers following treatment with the 
compound. Plants in which flowering had 
been photoperiodically induced, however, 
showed a significantly increased number 
of flower buds after treatment with this 
substance. Galston concluded that 
273,S“triiodobenzoic acid possesses anti- 
auxinic activity of some sort but does not 
possess florigenic properties. He dis- 
cussed a possible functional association 
of hormones in which auxin promotes 
general vegetative growth and counter- 
acts florigen which favors flowering. On 
this basis lowered auxin levels following 
treatment with the anti-auxinic 2,3,5- 
triiodobenzoic acid would favor flowering 
of photoinduced soybeans but would not 
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induce flowering in the vegetative con- 
dition. 

It is evident that the character of re- 
sponse resulting from treatment with 
2,3,5-triiodobenzoic acid differs from 
those to other growth-regulating sub- 
stances already reported in the series 
(S, ii) of experiments on the bean plant, 
Phaseolus vulgaris var. Red Kidney. The 
lack of cell elongation and the absence of 
adventitious roots and tumor formation 
as responses to 2,3,5-triiodobenzoic acid 
separate it from such substances as in- 
doleacetic and naphthaleneacetic acids 
and the substituted phenoxy compounds, 
although both 2,3,5-triiodobenzoic acid 
and the phenoxy compounds induce for- 
mative or telemorphic activity. The pres- 
ent paper reports (i) a series of general 
observations on the growth and flowering 
habits of the bean as modified by treat- 
ment with 2,3,5-triiodobenzoic acid and 
(2) the results of a histological study 
made to determine the tissues and areas 
affected by the acid and the nature of the 
anatomical changes which underlie the 
larger morphological modifications. 

Methods 

Decapitation and ringing.— Plants 
of Red Kidney bean were grown in the 
greenhouse in the spring of 1947. Young 
plants, selected for uniformity, were 
treated when the first trifoliate leaf was 
expanding and the second trifoliate was 
unfolding from the bud. 2,3,5-Triiodo- 
benzoic acid mixed in a 2% concentra- 
tion in lanolin was applied in two differ- 
ent ways. In one lot the plants were de- 
capitated by severing the second inter- 
node in the same manner used in earlier 
experiments with the bean (5) . The lano- 
lin paste containing the growth-regula- 
tor was applied immediately over the cut 
surface. Similarly, decapitated control 
plants received an application of lanolin 
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alone. The remaining plants were not 
decapitated. Insteadj the 2,,3,5-triiodo- 
benzoic acid-lanolin mixture was applied 
with a glass rod in a narrow band ringing 
the middle of the second internode. Con- 
trol plants received a similar application 
of lanolin only. Observations and collec- 
tions of material for histological exami- 
nation were made over a period of 30 
days. Material fixed in Navashin’s fluid 
was imbedded by the butyl alcohol- 
paraffin method. Sections cut at 12 or 
15 ja were stained with a modified triple 
stain. 

Spraying. — In addition to the experi- 
ments in the greenhouse, plants were 
grown in the garden during the summer 
of 1947. They were sprayed with i.o, 
0.5, and 0.1% concentrations of the am- 
monium salt of 2,3,5-triiodobenzoic acid 
in water. The ammonium salt is more 
soluble in water than the acid. It was 
prepared by allowing ammonium hy- 
droxide to react with the acid in proper 
quantities to make up the 1 % concen- 
tration in water. The other two concen- 
trations were prepared by dilution. All 
three solutions were used as aqueous 
sprays. In addition, three emulsion 
sprays were used. The base mixture of 
the commercial Weed-No-More” was 
added in 1% concentration to the re-» 
spective concentrations of the aqueous 
solutions. This base mixture contained 
no growth-regulator and was used as an 
emulsifier and a wetting agent. The se- 
lected spray was applied over the whole 
plant with a DeVilbiss atomizer. Wet- 
ness without running or accumulation of 
the spray in drops was considered desir- 
able coverage. 

One half of the planting received the 
aqueous sprays, the other half the emul- 
sion sprays. In each half, four plots were 
established. Three plots received the 
three different concentrations (i.o, 0.5, 


0.1%) of the ammonium salt, respective- 
ly, and the fourth, as a control plot, re- 
ceived either a spray of water or an emul- 
sion spray of water containing 1 % of the 
base mixture. Each plot consisted of two 
rows of plants. One row in each plot was 
sprayed 13 days after planting when the 
plants were in a stage similar to that of 
the plants treated in the greenhouse. This 
treatment will be referred to as the 
‘‘young stage.” Plants of the second row 
were treated 27 days after planting when 
flower buds were becoming evident. This 
will be known as the “old stage.” All 
plants were observed for gross effects on 
the vegetative and flow^ering habits. Col- 
lections of material for various measure- 
ments were made over a period of 3 
months. During this period of observa- 
tion several weeks of unusually dry and 
hot weather presented rather unfavor- 
able growing conditions, although this 
was not serious enough to cause actual 
injury in the control plants. 

Results 
GROSS EFFECTS 

In the present experiments response 
to 2,3,5-triiodobenzoic acid by decapi- 
tated plants was relatively limited. Simi- 
lar localization of response by decapi- 
tated plants has been observed with 
other growth-regulating substances. Re- 
sponses to ringing and spraying with 
2,3,5-triiodobenzoic acid were telemor- 
phic and occurred over large portions of 
the treated plant." The telemorphic ef- 
fects were similar in both treatments and 
appeared to be distinctive for this sub- 
stance. 

Decapitation,— Discoloration was 
the earliest evidence of change in the de- 
capitated stem tips. During the first 3 

^ In this report the term ^^treated” refers to 
treatment with 2,3,s-triiodobenz:oic acid irrespec- 
tive of the method of application. 
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days after application the cut surface of 
control stem tips paled or became slight- 
ly brown. Further development was 
limited, and enlargement occurred in 
only a few stems. In plants treated with 
the growth-regulator the cut surface 
darkened to a characteristic rusty-red 
color. Below the treated surface and 
downward for 0.5 mm. or more the stem 
color changed to a light green. By the 
fourth or fifth day slight enlargement be- 
came evident in some of the treated 
stems and continued through the eighth 
and ninth days. At this time most of 
these stem tips showed some degree of 
tumor formation. The tumors were shal- 
low and generally small, although they 
varied considerably in size. Enlargement 
was greatest just below the cut surface 
and downward along the ridges of the 
vascular bundles. Frequently these ridges 
also showed the characteristic rusty-red 
color. The tumors continued to growslow- 
ly. By the thirtieth day they appeared 
to reach a relatively inactive condition 
but were still firm and green. In none of 
the tumors were there protuberances in- 
dicative of root formation. Throughout 
the experiment the tumors were insig- 
nificant in size and in no way comparable 
in appearance with the tumors induced 
by indoleacetic or 2,4-dichlorophenoxy- 
acetic acids (5, 8). 

In addition to response at the decapi- 
tated tips, slight and delayed effects of 
treatment were observed in the develop- 
ment of buds in the axils of the simple 
leaves. In both treated and control 
plants, growth was redirected into these 
buds following decapitation. By the 
ninth day the first trifoliate leaf on the 
axillary shoot was considerably expanded 
and the young leaflets of the second tri- 
foliate leaf were lengthening. In some 
treated plants these young leaflets 
showed epinasty with the tips of the 


blades markedly curled downward. This 
response to treatment was of short dura- 
tion, and further growth was similar in 
control and treated plants. 

Ringing. — In contrast to the local ef- 
fects induced by 2,3,5-triiodoben2oic 
acid in decapitated plants, application of 
the growth-regulator by ringing the 
second internode resulted mainly in tele- 
morphic effects. Response at the point 
of application consisted of streaking or 
burning in that portion of the internode 
covered by the lanolin containing the 
growth-regulator. The streaks occurred 
principally along the ridges over the vas- 
cular bundles. The discoloration was the 
rusty red already noted as a characteris- 
tic response to 2,3,5-triiodobenzoic acid 
treatment. These streaks appeared by the 
third or fourth day and were present to 
the end of the period of observation. No 
swelling or tumor formation was ap- 
parent. In a few plants a slight bending 
of the stem occurred at the level of 
ringing. 

Telemorphic effects occurred first in 
the leaves of the treated plants and were 
evident by the third day after ringing. 
The degree of response appeared to be 
closely related to the maturity of the 
leaf at the time of application. Fully ex- 
panded leaves (the heart-shaped, simple 
leaves and the first trifoliate leaf) showed 
little or no response. Partially expand- 
ed leaves (the second trifoliate in many 
of the plants) showed downward curva- 
ture of the tips of the leaflets. The lateral 
margins of the blades rolled inward, and 
frequently the surface became pebbled. 
Slightly expanded leaves, scarcely more 
than I cm. long at the time of ringing (in 
some plants the third trifoliate leaf and 
in others the second), displayed marked 
epinasty of the blade tips by 3 days. At 
the same time a silvered hairiness readily 
distinguished these leaves from those of 
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similar size in the control plants. Very 
young, unexpanded leaves (folded in the 
bud at the time of ringing) began to show 
epinasty and hairiness by the seventh 
day and were considerably dwarfed as 
compared with the controls. 

The fate of the leaves varied with the 
intensity of response. Those only slightly 
affected appeared to outgrow the epinas- 
tic and retarding effects of the acid. 
Leaves which were somewhat more af- 
fected remained green but were dwarfed 
in size and continued to show epinasty. 
The more seriously modified leaves, such 
as the young ones near the bud, did not 
recover. By the sixth day they were a dull 
green in color and appeared to be wilted. 
On the seventh day some of the leaflet 
blades (see fig. 3B), or even the whole 
leaf, fell from the plant at the slightest 
touch. Abscission of other affected leaf- 
lets occurred the following days (cf. 
fig- 3C). 

That 2,3,5-triiodobenzoic acid has a 
distinctive effect on young tissues is 
again demonstrated by the severe re- 
sponse exhibited in the buds. This effect 
was first noticeable in the terminal bud 
3 or 4 days after ringing. Growth of the 
stem just below the bud was checked 
both in the elongation of internodes and 
in the increase in stem diameter. By the 
sixth day definite injury was indicated 
by discoloration of the terminal growth. 
There was a sharp demarcation of this 
color change in one of the partially 
elongated internodes a short distance be- 
low the bud. The color intensified and 
darkened to a brownish green during the 
next several days. At the same time the 
young leaves attached to this portion of 
the stem were collapsing and even ab- 
scising. On the ninth day or shortly 
thereafter the whole terminal bud ab- 
scised, often carrying with it the third 
and fourth trifoliate leaves. Among the 


plants observed in detail in the green- 
house, this abscission of the main axis 
occurred most frequently in the fourth 
internode (see fig. gB) but was also com- 
mon in the third and fifth internodes. In 
a few plants less severely affected, ter- 
minal buds recovered, although later 
growth was dwarfed. 

Stimulation of axillary growth was as- 
sociated with the loss of apical domi- 
nance in treated plants. Under ordinary 
conditions of growth, however, the bush- 
bean also shows considerable develop- 
ment of axillary structures, especially 
from the upper nodes — the fourth, fifth, 
and sixth. The buds at these nodes fre- 
quently develop as strong vegetative 
shoots which may form a major portion 
of the top growth in older plants. In ad- 
dition to the axillary bud in any given 
axil, one or two accessory buds may de- 
velop (fig. loA), These are commonly 
floral buds. Ordinarily the greatest 
growth of the lateral shoots follows ter- 
mination of growth in the main axis by 
formation of a flower cluster, a charac- 
teristic occurrence above the seventh 
node. This pattern of termination in a 
flower cluster also occurs in the axillary 
shoots. 

Treatment with 2,3,5-triiodoben2oic 
acid greatly modified this normal pattern 
of growth. By the fifth day development 
of axillary structures definitely exceeded 
that of control plants. At this time the 
loss of apical dominance in the treated 
plants was evidenced by the stem dis- 
coloration below the bud. In treated 
plants axillary shoots developed at the 
second, third, and fourth nodes. The 
shoots in the axils of the pair of simple 
leaves at the second node were frequent- 
ly the most vigorous and later formed the 
major portion of the plant. The second 
node was below the level of ringing. In 
comparable control plants axillary buds 
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were present but undeveloped at these 
lower nodes. 

The telemorphic effects of the growth^ 
regulator observed in the terminal bud 
developed also in the axillary buds. By 
the seventh day on some of the axillary 
shoots at the second node, the first tri- 
foliate leaves were epinastic; second tri- 
foliates showed similar modification a 
few days later. Axillary buds at the third 
and fourth nodes were also strongly af- 
fected, often forming rosettes of small, 
epinastic, silver-haired leaves. In some 
plants abscission of axillary shoots com- 
menced on the twelfth day. Loss of the 
main axillary growth at the third node 
nearly always occurred (fig. lo), and 
abscission of one of the shoots at the 
second node was frequent. Characteris- 
tically, abscission varied from plant to 
plant. 

In addition to these modifications of 
vegetative growth, flowering of the 
treated plants considerably preceded 
that of the controls. This may be ex- 
plained in part by the direetion of growth 
from the vegetatively vigorous main axis 
of the controls to the shorter-lived and 
earlier-flowering axillary shoots of the 
treated plants. The morphological dis- 
tribution and development of flower buds 
appeared, however, to be the same in 
both groups of plants. Because of the 
considerable modification of vegetative 
growth in treated plants compared with 
control plants, it was difficult to deter- 
mine the proportionate production of 
pods in the two sets of plants. No readily 
appreciable difference was apparent. 
Spraying.— The application, of the 
salt of 2,3,5-triiodobenzoic 
acid in a spray resulted in a response 
similar to but much more intense than 
that exhibited in the ringing experiments. 
In the garden the substance was applied 
over significantly larger areas of the 


plant, especially in those older plants 
grown for 27 days before spraying. Un- 
doubtedly the actual total dosage per 
plant was also greater than that applied 
by ringing. Generally, the emulsion 
sprays (figs. 2D, 3D) induced stronger re- 
sponses than the corresponding aqueous 
sprays (fig. iC). Of the three concentra- 
tions, the 1.0% spray (fig. 2D) resulted 
in markedly stronger telemorphic effects 
than did the 0.1% spray (fig. 2C). Re- 
sponse to the 0.5% concentration of the 
ammonium salt was intermediate and 
difficult to distinguish from either the 
lower or the higher concentration. Ac- 
cordingly, discussion will be confined in 
general to the highest and lowest concen- 
trations. 

At the end of 24 hours after spraying, 
rusty spots were apparent on the leaves 
in both the young and the old plants. 
These contact burns were the same color 
as that which developed over the surface 
of application in . the decapitated and 
ringed second internodes in the green- 
house experiments. The discolored areas 
increased slightly for several days but 
appeared to have little ultimate effect on 
the growth of the plant. The degree of 
burning was greater with the emulsion 
sprays, with the higher concentrations, 
and in the young stage. Control plants 
showed no significant effects from spray- 
ing either with water or with the emul- 
sion of water and the base mixture. 

The epinastic response of leaves (fig. 
$A) was more striking in the sprayed 
plants than in those to which the growth- 
regulator was applied by ringing. Epnias- 
ty of leaflet blades was evident within 
24 hours after spraying and grew pro- 
gressively more severe for several days. 
By the third day many of the leaflets 
with inrolled edges and puckered surfaces 
exhibited as many as two spiral turns in 
the curled blades. The range in size of the 
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leaves which responded and the degree 
of response were also greater in the 
sprayed plants. The oldest leaves, such 
as the simple and the lower trifoliate 
leaves in the old stage of treatment, 
tended to show but little effect. During 
the first days after spraying, slight epi- 
nasty at the tip of the blades might ap- 
pear in some of these trifoliates, but by 
the sixth day the effect was outgrown 
and the leaf resumed its usual appear- 
ance. Less mature leaves in which the 
length of the blade ranged from approxi- 
mately I to 4 cm. showed the greatest re- 
sponse in rolling and curling of the 
blades. Expansion of these leaves was 
also severely checked. Still younger 
leaves associated with the buds were 
similarly dwarfed, appeared conspicu- 
ously hairy, and exhibited a marked 
epinastic curling of the tips of the blades. 
These responses resulted in rosettes of 
small, curled, silvery leaves about each 
growing point along the stem. 

Abscission of leaves and buds was the 
dominant characteristic of response to 
the spray treatment. Among the leaves, 
those which were most severely affected 
were the first to abscise. By the third day 
many of the strongly curled leaflets fell 
from the plant at the slightest disturb- 
ance. Later, progressively more leaf ab- 
scission took place. By the tenth day 
after spraying, especially in the old stage, 
this was happening down the length of 
the stem, both to old leaves on the main 
axis and to younger leaves of the axillary 
shoot (fig. 2D). Although abscission of 
leaf blades occurs commonly in the bean, 
it is generally in later stages of maturity 
of the plant and only of the older leaves. 

Even more significant than the re- 
sponse in the leaves was the abscission of 
buds. The sequence of response appeared 
to be similar to that observed in the 
greenhouse. Checking of terminal growth 


was evident by the sixth day and was 
clearly expressed in the formation of 
rosettes of dwarfed leaves at the growing 
points. Dulling of the green color and 
wilting of the dwarfed shoots accom- 
panied suppression of growth. These re- 
sponses terminated in abscission. By the 
tenth day after spraying, abscission of 
the terminal bud had occurred in many 
of the plants treated in the young stage 
and was even more frequent in plants of 
the old stage (table i). 

The continued and progressive action 

2,3,5~triiodobenzoic acid on the grow- 
ing points of the plant was again exhib- 
ited in this experiment. By the tenth day 
some abscission of axillary buds had 
taken place in the plants treated in the 
young stage, and by the fifteenth day this 
loss of axillary buds was pronounced. In 
plants of the old stage axillary growth 
was more advanced at the time of treat- 
ment. Response in these growths oc- 
curred rapidly so that, by the tenth day 
after spraying, a large number of axillary 
buds or shoots had abscised. The physi- 
ological action of the growth-regulator 
persisted and was evident in the response 
of the accessory buds which developed 
after the formation of the main axillary 
shoot. These buds were dwarfed in their 
development and were successively ab- 
scised (table 2 ; compare results at 40 and 
84 days after planting). In many plants 
this recurring abscission ultimately re- 
sulted in a main axis denuded generally 
of leaves and lateral shoots at the upper 
nodes (figs. iC, 2C, D, and 3C). Further 
growth in the denuded plant was directed 
to shoots at the second node or to buds 
formed in the axils of the cotyledons at 
the fi.rst node. Growth at the first node 
was more common than at the second 
from which buds had frequently abscised. 
Shoots from these nodes then composed 
the whole top growth of the plant (figs. 
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ijB, 2C). Generally, these shoots were 
limited in extent of growth and often 
continued to show dwarfing (figs. iC, 
2D), In control plants buds at the second 
node were present but developed only in 
late stages of maturity, if at all. Forma- 
tion of a significant part of a control 
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plant from buds at the cotyledonary node 
was uncommon. 

As a result of successive abscissions, 
the average total growth of treated 
plants (figs. iB, C, 2) was much less than 
that of untreated control plants (fig. i^). 
The severity of reduction in growth 



Fig. I. A, Red Kidney bean, 77 days after planting, showing development of mature control plant. 
Note size of plant, well-developed leaves and pods, small shoot at first node, pair of shoots at second node, 
other large shoots at upper nodes. J5, C, 84 days after planting, plants treated with 1% aqueous spray of 
2,3,5-triiodobenzoic acid. B, young stage (treated 13 days after planting); C, old stage (treated 27 days after 
planting). Lateral shoots only at lower nodes, and upper axes denuded; greater dwarfing of plant in old 
stage, (lugs. I and 2, plants grown in garden and transferred to pots; all pictures same magnification.) 
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varied according to the treatment given 
(table 3). In general, the highest concen- 
tration affected growth more unfavora- 
bly than the lowest concentration (fig. 2, 
B and A , D and C). The emulsion sprays 
resulted in greater reduction in growth 
than the corresponding aqueous sprays 


(figs. iC and 2D), Growth from the 
lower nodes was greater after treatment 
in the young stage than in the old (fig. 
2, A and C, B and D), In the severest 
treatment (1.0% emulsion spray, old 
stage) some plants did not survive to the 
end of the period of observation. In the 


Fig. 2.— Plants treated with various concentrations of emulsion sprays of 2,3,5-triiodobenzoic acid. A, 
0,1%, B, 1.0%, both young stage, 64 days after spraying; C, 0.1%, old stage, 49 days after spraying; D, i.o%l 
old stage, 57 days after spraying. Upper nodes showing stumps of abscised axillary and accessory shoots. 
More severe effect with old stage and 1.0% concentration; in C note major growth of plant at first node. 
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treatment resulting in least reduction 
(o.i% aqueous spray, young stage) a 
number of plants showed recovery of the 
terminal bud and abscission of only a few 
lateral buds. 

Flowering and the formation and matu- 
ration of pods occurred in all treatments 
(figs. I, 2 ). No appreciable differences 
were noted between the young stage in 
which floral buds were undifferentiated 
at the time of spraying and the old stage 
in which floral buds were present. The 
morphological distribution and form of 
the flowers and fruit appeared to be un- 
affected. In many plants on which a 
profusion of axillary and accessory 
shoots had developed at lower nodes as 
a consequence of treatment, the period 
of flowering was prolonged, and the num- 
ber of flowers and young fruits was 
markedly greater than in control plants. 
Abscission of these flowers and young 
pods was frequent, although a few pods 
persisted to maturity. A comparison of 
fresh weights of plants and pods (table 3) 
suggests that the primary effect of treat- 


ment was on vegetative structures. Mod- 
ification of the vegetative habit in turn 
influenced flowering and fruiting: severe 
reduction in growth significantly reduced 

TABLE 1 

Percentage of bean plants showing abscis- 
sion OF terminal bud 10 DAYS AFTER 
TREATMENT WITH SPRAYS OF AMMONIUM 
SALT OF 2 , 3 , 5 -TRIIODOBENZOIC ACID^ 


Spray 

Concentra- 

tion 

(%) 

Young stage 
(23 days 
after plant- 
ing) 

Old stage 
(.37 days 
after plant- 
ing) 

Emulsion. . . 

/i.o 

47 

89 


lo.I 

76 

85 

Water 

fr.o 

1 

93 


\o.i 

36 1 

81 


* Analysis based on twenty or more plants per treatment. 


pod production; less severe effects re- 
sulted in less appreciable differences in 
pod production. The high degree of mod- 
ification of the vegetative growth, how- 
ever, presented such serious difficulties 
in interpretation of the flowering habit 
that observations are inconclusive. 


TABLE 2 

Abscission of lateral buds or shoots in bean plants treated with 

EMULSION (E) and AQUEOUS (W) SPRAYS OF AMMONIUM SALT OF 
2,3,5-TRITODOBENZOIC ACID* 

A ~ developing axillary bud or shoot 0 = abscised axillary bud or shoot 

a— developing accessory bud or shoot 0 = abscised accessory bud or shoot 


40 DAYS AFTER PLANTING 


84 DAYS APTER PLANTING 


Simple 

Cotyledons 


Young stage Old stage 


Young stage 

Old stage 

r " ■' ' ' 

(27 days after (13 days after 


(71 days after 

(S7 days after 


spraying) spraying) 

Control 

spraying) 

spraying) 

i Control * ' 1 

1.0% E 0.1% W 1.0% E 

0.1% w 


1.0% E 

0.1% W 

i.o%E 

0 . r % W 






r . ■ 



' i 



Aa 


|. .. • • • . . 



^ i 



Aa 



0 

i ■' i 

0.'. . '■! 



Aa 



0 


oA , i 



aAa 



0 

i 060 

aAa ' ■ ' '-1 yl 

.... A 


A 



oOo 

' oOo 

aO i ■ ■ 'i' 

aOa aAa A 

aOa 

A : 

oOo 

Oa 

oO 

1 ■ Oo 

■ ' Aa. ■ . uyi 

aOa aAa A 

aOa 

aAa 

oOo 

aO 

Oo 

oOa 1 

1 oAa .. 

aOaaOa aOa Aa aOaaOa 

aOaaOa 

A'A 

oOooOo 

aAoaAo 

oOoaOo 

aOoaOa i 

OoAo .d ' 

A'';„ 0 -, , •A. A ' A A' 

A A ; 


A A 

0 0 

i 

A A ' 

; : A- ,A 

■ ■ !■ t 


' Analysis based on representative plant for each group; variation from plant to plant to be expected. 
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Histological RESPONSES 
Decapitation. — ^The initial effect of 
application of 2,3,5-triiodobenzoic acid 
in lanolin to the decapitated second in- 
ternode was killing at the cut surface. 
Necrosis was observed across all tissues 
immediately at the surface and down- 
ward along the epidermis and into the 
cortex at points where the lanolin paste 
was apparently in contact with the. ex- 
terior of the stem. Deeper penetration of 
the killing effect occurred for several days 


killing effects at the uppermost levels. 
Cells of the inner cortical parenchyma 
began to proliferate after initiation of 
activity in the endodermis. At first only 
those cells adjacent to the endodermis 
responded with one or two divisions 
(fig. 65 ). In later stages and at the up- 
permost levels, however, more of the 
outer cells became active, and divisions 
were more numerous (figs. 55, 75). 

Proliferation of endodermal cells was 
the first readily noted histological re- 


TABLE 3 



Average* fresh weights of shoots and pods of bean plants, 79 days after 

PLANTING, TREATED WITH SPRAYS OF AMMONIUM SALT OF 

2 ,3,5 -triiodobenzoic acid 


Plants 

CONC. OF 
SPRAY (%) 

Weight of whole SHooTf 

PER PLANT (GM.) 

Weight of pods per 

PLANT (GM.) 

Emulsion 

Water 

Emulsion 

Water 

Young stage (66 days 

1 .0 

21 . 7 

3 US 

4-5 

13-0 

after spraying) 

0. 1 

32.3 

62.9 

II . 3 

24.5 


Control 

65-3 

62 . 2 

23.8 

23.2 

Old stage (52 days 

1 .0 

18.8 

38.0 

4.1 

' IS-I 

after spraying) 

0. 1 

23.1 

5 U 7 

6.3 

23.5 


Control 

82.3 

71.6 1 

31.8 

28.2 


* Averages based on ten plants per treatment. 


t Roots removed at ground line. 


after application. Downward extensions 
in the pericycle, the secondary phloem, 
xylem elements, and in the pith were 
noted. The killed tissues stained dark 
red, and those at the surface collapsed. 
Tissues below the level of killing began 
to proliferate rather slowly as compared 
with the response to many other growth- 
regulating substances. A variability in 
rate of response was encountered in all 
collections and correlated with gross ob- 
servations already noted. The pattern of 
proliferation within the various tissues, 
however, seemed to be consistent. 

In the epidermis little or no response 
to treatment was noted apart from the 


spouse to treatment (fig. 4^!). By the 
third day initial divisions were evident 
in the endodermis in some stems, while 
in other stems no proliferation was as 
yet apparent. Within the next few days 
proliferation became well established, 
although the rate varied considerably 
from stem to stem and even within the 
sectors of a stem. The band of deriva- 
tives frequently retained the pattern of 
rows resulting from successive tangential 
divisions (figs. $B, 65 ). In areas of great- 
er activity, however, this order was lost 
(fig. 75). Maturation of wound tracheids 
commenced among the inner endodermal 
derivatives as early as 7 days after de- 
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capitation. As maturation continued 
(figs. sB, jB), more of these short 
tracheids were differentiated in groups 
or sometimes in strands which merged 
with similar structures in the rays. As 
late as 25 days after application, organi- 
zation of the tracheids into clearly de- 
fined vascular bundles was not evident, 
although some of the derivatives of the 
endodermis were still active. Maximum 
proliferation (fig. jB) occurred about the 
I mm. level below the cut surface. Down- 
ward the band of derivatives quickly 
narrowed (fig. 8 A) so that between 2 and 
3 mm. the single-layered endodermis was 
present (fig. 8 B). 

The pericycle (fig. sA) was more sub- 
ject to the killing effects of the growth- 
regulator than most of the other tissues, 
except perhaps the pith. At the cut sur- 
face and down i mm. or more, these 
elongated cells showed the dark-red color 
indicative of killing. At lower levels the 
cells remained inactive and were fre- 
quently displaced by proliferation of ad- 
jacent tissues. 

Phloem parenchyma, both primary 
and secondary, became active somewhat 
later than the endodermis. Proliferation 
was initiated about the fifth day and was 
well advanced by the seventh (fig. 6 B). 
Divisions were in various planes so that 
no distinctive organization of deriva- 
tives developed (fig. 4^). Maturation 
was similar to that in the endodermis. 
Wound tracheids were formed in patches 
and strands (figs. s 5 , ^B). Meanwhile, 
other derivatives continued to prolifer- 
ate, often crushing the sieve tubes and 
companion cells which apparently re- 
mained inactive . These inactive ele- 
ments, like the pericyclic cells, often ex- 
hibited traces of the downward killing 
effect. 

Probably the earliest response oc- 
curred in the cambium. By the fifth day 
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cambial activity had resulted in a wide 
band of undifferentiated derivatives. 
Maturation commenced with the differ- 
entiation of the innermost derivatives 
as secondary tracheids (fig. 6A ). In some 
stems this began as early as the fifth day. 
The band of tracheids, intermingled with 
parenchymatous cells, continued to wid- 
en for several days. Maximum prolifera- 
tion was about i mm. below the cut sur- 
face. At successively lower levels, the 
degree of cambial proliferation gradually 
decreased. At levels below any apparent 
response, the formation of the usual sec- 
ondary xylem tracheids or fibers had 
scarcely begun (fig. 8 B). Dignified xylem 
elements were unresponsive. During the 
first week after application xylem paren- 
chyma cells possessed markedly dense 
contents. By the seventh day divisions 
commenced in some of these parenchym- 
atous cells. Proliferation continued and 
resulted in a mass of small cells about the 
vessels (figs. 6 B, 7B). This development 
was observed only at the uppermost 
levels. 

In the rays proliferation in the outer 
portion was similar to that in the phloem 
or endodermis. Likewise tracheids were 
matured (fig. 7AI), often as strands con- 
necting tracheids in the endodermis with 
those derived from the cambium. In the 
inner portion of the ray some of the pa- 
renchyma cells adjacent to the xylem 
underwent a few divisions, commencing 
about the twelfth day. The pith was in- 
active and showed the deepest general 
penetration of the killing effects of 
2,3,s-triiodobenzoic acid. 

Ringing.— In the ringing experiment 
histological response at the point of ap- 
plication consisted of contact killing 
similar to that observed at the cut sur- 
face in decapitation. Injury of the tissues 
occurred most commonly along the 
ridges over the large vascular bundles of 









igisections of tumor, 25 days after application. killed tissues at surface disintegrating; 
don approximately i mm. below cut surface; cortical parenchyma active at uppermost 
of A, Proliferation greatest in endoderniis, phloem, and cambial zone; maturation of many 
proliferated tissues; outer cortical parenchyma and pericycle inactive. 
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P IG. 6.— -Transections of tumors approximately i mm. below cut surface. A , 5 days. Early proliferation in 
endodermis (^:^) and outer portion of ray (ra); initial activity in phloem; maturation of tracheids from 
cambial derivatives. B, 7 days. Proliferation in endodermis and phloem well established; band of tracheids 

matured from cambial derivatives; proliferation of xylem parenchyma. 
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Fig. 7.— Transections of tumors approximately 0,5 mm. below cut surface. Ay 12 days. Continued matura- 
tion; strands of tracheids (/f) matured in rays and connecting endodermal tracheids with xylem tracheids. 
B, 25 days. Proliferated tissues matured except for small areas of continued activity. Note extent of pro- 
liferation in inner cortical parenchyma. 
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the stem (fig. 8C). Cells lying in the area 
extending from the epidermis to the outer 
portions of the phloem exhibited the 
dark-red color characteristic of killed 
cells. Proliferation in these tissues was 
not characteristic, although increased ac- 
tivity of the cambium might occur. 

In addition to observations in the area 
of ringing, histological examinations were 
made of structures exhibiting telemor- 
phic responses. Although no collec- 
tions were made of the plants sprayed in 
the garden, gross responses were so simi- 
lar to those observed in the greenhouse 
ringing experiment that essentially the 
same anatomical changes probably oc- 
curred in both experiments. 

Of the telemorphic responses induced 
in treated plants, the loss of plant parts 
was the most significant. Histological 
study of a series of stem tips of plants 
treated in the ringing experiment dis- 
closed that the loss of buds and leaves 
was consequent to a well-defined abscis- 
sion process. Furthermore, several ab- 
scission layers might be induced in one 
stem (fig. gAj B). Abscission layers were 
found generally at midlevel in the young 
internodes immediately below the ter- 
minal bud. In the young plants treated 
in this experiment these were the third, 
fourth, and fifth internodes. In some 
plants abscission layers^ were found in 
all three of these internodes (fig. gA); in 
other plants only one or two layers were 
observed^ The internode in each case ap- 
peared to be only partially elongated 
with the xylem matured to the extent of 
lignification of the primary elements. 
Similar abscission layers were observed 
in axillary stems (figs. gB, lo). Leaf fall 
was likewise the result of separation in 
a definite abscission layer which was 
formed at the base of the petiole 
(fig- 9 ^)- 

Abscission appeared to be of the type 


commonly found in herbaceous plants 
(2) in which a simple separation layer 
is formed shortly before abscission. 
Changes in stem structure were noted by 
the sixth or seventh day after ringing. 
One or more layers of parenchymatous 
cells across the internode divided hori- 
zontally to form a band of cells flatter 
and smaller than those of adjoining areas 
and some eight or more cells deep (fig. 
I iH ) . Cells in tissues below this separa- 
tion layer continued to enlarge, whereas 
growth in tissues above the layer ap- 
peared to be suppressed (fig. iiJ 5 ). In 
the growing plant the dwarfing, discolor- 
ation, and wilting of the bud and associ- 
ated leaves were undoubtedly correlated 
with this development. Abscission oc- 
curred in the upper portion of the sepa- 
ration layer (fig. 12 A), and final loss of 
the bud was readily brought about by 
any mechanical disturbance to the plant. 
In the greenhouse loss of terminal buds 
began as early as 9 days after treatment. 
Following abscission the outer cells of 
the remaining tissues became lignosuber- 
ized to form a protective layer (figs. 10, 
12B). 

Histological examination of leaves was 
limited. Suppre^ion of growth was evi- 
dent in the closely aligned, small, rec- 
tangular cells of the mesophyll and in the 
absence of the characteristic intercellular 
spaces (fig. 135, C). The epinastic curling 
response of the blade (fig. 13^.) was not 
the consequence of appreciable hyper- 
trophy of any given tissue. Loss of leaves 
followed the formation of abscission 
layers as already noted (fig. 9H), 

Discussion 

In comparison with tumors induced 
by many other growth-regulating sub- 
stances, tumors formed in response to 
2,3,5-triiodobenzoic acid were relatively 
insignificant in size, and the degree and 



_ Fig. 9.— Reconstructions in longisection of terminal portions of two stems. A 
mternode with 2% 2,3,5-triiodobenzoic acid in lanolin. Abscissic 
1 r and fourth (c) internodes of main axis; in axillary branch (e)‘ 

leaf (d). Terminal bud abscised in fourth internode (ci). 
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Fig. 10.— Longisections at third node of main stem; plants treated by ringing. .4,12 
Section through axil showing abscised axillary shoot and two lateral, accessory buds. B. 
ing. Section showing abscised axillary branch (center) in axil between first trifoliate 1 
stem Main stem abscised in middle of third internode. 
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Fig. II.— Longisections showing early stages in abscission of aidllary branch formed at third node. J, ^ 
days after ringing. Initial cell divisions in development of separation layer across parenchymatous tissues of 
stem. S, 9 days. WeU-developed separation layer extending across stem. Enlargement of stem below layer 
and suppression of growth above layer indicated by differences in cell size. (Detail of abscission layer « 
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abscission. ^4, 12 days after ringing; section of third inter- 
f separation layer. 18 days; section of axillary branch 
uter cells forming lignosuberized protective layer. 
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elaboration of tissue proliferation were node followed by abscission at a well- 
limited. The tissues which proliferated formed separation layer. Decapitated 
were the same as those which have re- first internodes treated with 2% indole- 
sponded to other growth-regulators; acetic acid failed to abscise, and the ab- 
however, the total pattern of develop- scission zone was altogether absent, 
ment in these tumors differed from the Other investigators (4, 7, 9) have studied 
pattern induced by other growth sub- the effects of auxin, indoleacetic acid, 
stances and by wound response (11). Al- and various other substances in delaying 
though application of both 2,3,5-triiodo- the abscission of leaves of Coleus. In kch 
benzoic acid and 2,4-dichlorophenoxy- case the availability of a source of auxin 
acetic acid result in telemorphic re- or growth substance is associated with 
sponses, there was little resemblance be- the delay in abscission. This suggests, 
tween tumors induced by the two sub- conversely, that reduction in auxin levels 
stances with the same experimental may be associated with the induction of 
methods (8). Distinguishing characteris- abscission. Inasmuch as anti-auxinic ac- 
tics of tumors induced by 2,3,5-triiodo- tivity has been attributed to 2,3,5-tri- 
benzoic acid are; proliferation of the en- iodobenzoic acid (3), abscission appears 
dodermis, the phloem parenchyma, and to be a not unreasonable sequence to 
the cambimn; maturation of many de- treatment with this substance, 
rivatives as tracheids; lack of organized Galston (3) found indications of 
vascular bundles in the proliferated tis- auxin aberrations and lowering of auxin 
sues; and absence of root primordia. levels at meristems in treated soybean 
The abscission of leaves and buds fol- plants. Likewise in the present experi- 
lowing the formation of a well-defined ments, the telemorphic responses oc- 
separation layer appears to be the sig- curred mainly at the growing points and 
nificant telemorphic response to 2,3,5- associated young organs. That trans- 
triiodobenzoic acid. The significance of location of this substance to the buds 
this response is emphasized by the per- may occur is supported by the work of 
sistence of the effect of the compound in Wood et al. (12). These investigators 
inducing progressive abscission of newly used a radioactive plant growth-regula- 
formed buds and leaves. This ability to tor (2,iodo-3-nitrobenzoic acid) which in- 
induce abscission contrasts sharply with duced responses similar to those elicited 
the action of many other growth-regu- by 2,3,5-triiodobenzoic acid. Radioac- 
lating substances in delaying or inhibit- tivity measurements indicated that the 
ing abscission. The widespread use of major accumulation of the substance oc- 
growth substances in preventing pre- curred in the terminal buds of treated 
harvest drop of apple and other fruits de- bean plants. If the action of 2,3,5-triiodo- 


pends on this inhibiting action of naph- benzoic acid is mainly at points of ac- 
thaleneacetic acid, 2,4-dichlorophenoxy- cumulation and results in lowered auxin 
acetic acid, and other substances. Histo- levels and if auxin reduction is a factor in 
logical evidence of the inhibition of ab- inducing abscission, then the abscission 
scission by a growth-regulating sub- of buds and leaves in response to treat- 
stance has been reported (i). Plants of ment with 2,3,5-triiodoben2oiG acid is 
decapitated in the first consistent. 

intemode and given no further treatment 2,3,5-Triiodoben2oic acid has aroused 
showed cessation of growth in the inter- interest as a growth-regulator because of 
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reported florigenic activity (14). Recent 
experiments have not presented conclu- 
sive results on this problem. Galston 
(3) considered that it did not possess 
florigenic properties in itself but might 
influence flowering because of its action 
on auxin levels. Differences in the char- 
acter of response according to the state 
of flowering at the time of treatment 
have also been reported (3, ro). In the 
present experiment, however, modifica- 
tion of the flowering habit appeared to 
be correlated with modification of the 
vegetative growth. No appreciable dif- 
ferences in the number of flowers and 
pods resulted from spraying the plants 
in two different stages of floral bud de- 
velopment. Likewise, there was no evi- 
dence of independent, florigenic action of 
2,3,5-triiodobenzoic acid in altering ei- 
ther the form or the distribution of the 
flowers of the bean plant. 

Summary 

I. Small tumors were formed at stem 
tips of Red Kidney bean plants decapi- 
tated in the second internode and treated 
with a 2 % concentration of 2,3,5-triiodo- 
benzoic acid in lanolin. Proliferation oc- 
curred mainly in the endodermis, phloem 
parenchyma, and cambium. Many de- 
rivatives matured as tracheids. Neither 
vascularization of the tumor nor forma- 
tion of root primordia took place. 


2. Telemorphic responses resulted from 
treatment with 2,3,s-triiodobenzoic acid 
in a 2% concentration in lanolin paste 
applied in a ring around the middle of the 
second internode of young plants. Simi- 
lar telemorphic responses followed ap- 
plication of the ammonium salt of this 

acid in a spray. Three concentrations of 

the salt (i.o, 0.5, and 0.1%) were used, 
each in an aqueous and in an emulsion 
spray. Plants were treated in a young 
and an old stage. 

3. The most significant telemorphic 
response was the abscission of leaves and 
buds following the formation of separa- 
tion layers induced by treatment. Per- 
sistence of the effect of the substance was 
evident in the progressive abscission of 
the new growth. Epinasty of leaves and 
dwarfing of growth also occurred. 

_ 4. Apart from considerable modifica- 
tion of vegetative growth, treatment 
with 2,3,5-triiodobenzoic acid appeared 
to have no independent effect on floral 
morphology or distribution under condi- 
tions of the present experiments. 

S. The induction of abscission by this 
compound is discussed in relation to the 
role of auxin and the inhibition of abscis- 
sion by many plant growth-regulating 
substances. 

■Department of Botany 
University OF Chicago 


LITERATURE CITED 


1. Beal, J. M., and Whiting, A. Geraldine. 
Effect of indoleacetic acid in inhibiting stem 
abscission in Mirahilis jalapa . B6t; Gaz. io6: 
420-431. 1945. 

2. Eames, a. J., and MacDaniels, L. H. An 
introduction to plant anatomy. 2d ed. McGraw- 
Hill Book Co., New York. 1947. 

3. Galston, A. W. The effect of 2,3, s-triiodo- 
benzoic.acid on the growth and ffowering of 
soybeans. Amer. Jour. Bot. 34135b— 360. 1947. 

4* Gardner, F. E., and Cooper, W. C. Effective- 


ness of growth substances in delaying abscission 
of petioles. Bot. G.az. 105:80-89, 1943. 

5* Kraus, E. J.; Brown, Nellie A.; and Hamner, 
K. C. Histological reactions of bean plants to 
mdoleacetic add. Bot. Gaz 98:370-420. 1936. 

6. Kraus, E. J., and Mitchell, J. W. Growth- 
regulating substances as herbicides. Bot Gaz. 
108:301-350.1947. 

7. LaRue, C. D. The effect of auxin on the abscis- 
sion of petioles. Proc. Nat. Acad. Sci. 22:254- 

259. 193b. 


WHITING & MlTRRAY— 2 , 3 ,, 5 -.TRIIODOBENZOIC ACID 


473 


1943] 

8. Murray, Mary A,, and Whiting, A. Geral- 12. Wood, J., W.; Mitchell, J. W.; and Irving, 

DINE.^ A comparison of the effectiveness of G. W., Jr. Translocation of a radioactive plant- 

2, 4-dichloroplienoxy ace tic acid and four of growth regulator in bean and barley plants, 

its salts in inducing histological responses in Science 105:337-339. 1947. 

bean plants. Bot. Gaz. 109:13-39. 1947. 13. ZrMMERM.\N, P. W. Formative influences of 

9. Myers, R. M. Effect of growth substances on growth substances on plants. Cold Spring 

the absciss layer in leaves of Coleus. Box. Gaz. Harbor Symp. Quant. Biol. 10:152-157. 1942”. 

102:323-337. 1940. ^ 14, Zim:mer&un, P, W., and Hitchcock, A. E. 

10. Tumanov, 1 . 1 ., and Lizandr, A. A. The physio- Flowering habit and correlation of organs modi- 

iogical action of triodbenzoic acid on plants. fied by triiodobenzoic acid. Contrib. Boyce 

Bot. Z. SSSR. 31:13-21. 1946. (Herbage Abst, Thompson Inst. 12:491-496. 1942. 

17:1434. 1947.) 15. J and . Substituted phenoxy 

11. Whiting, A. Geraldine, and Murr.a.y, Mary and benzoic acid growth substances and the re- 

A. Histological responses of bean plants to iation of structure to physiological activity, 

nicotine and to wounding. Box. Gaz. 108:192- Contrib. Boyce Thompson Inst. 12:321-343. 
219. 1946. 1942. 


RESPONSES OF CROP PLANTS TO O-ISOPROPYL 
N-PHENYL CARBAMATE^ 

W. B. ENNIS, Jll."' 

Introduction coloration of the leaves of cereal plants 

The effects of 0 -isopropyl N-phenyl treated with this carbamate. They also 
carbamate upon several species of plants reported that certain dicotyledonous 
have been reported (i, 2, 3, 4, 5, 7, 8, 9). plants were not affected. 

Although certain features of the external Carlson (3) found that the carbamate 
responses to its application in these few was effective in “destroying rhizomes of 
plants have been described, the published quack grass.” Mitchell and Marth (7) 
information is far from complete and reported that it was active in preventing 
little is known as to the symptomatic re- germination of Agropyron repens L. but 
sponses of many other plant species to that certain dicotyledonous plants were 
this substance. Templeman and Sexton not affected by similar treatments. Tay- 
(9) first observed an apparent differential lor (8) did not observe any influence 
response of cereals and certain dicoty- of this substance upon dicotyledonous 
ledonous species following treatment weeds and only a slight inhibitory effect 
with this compound and found that it on weedy grasses. Ennis (5) outlined the 
was more effective in inhibiting cereal gross responses of A vena and certain 
growth than were several other ure- other species to this compound and de- 
thanes. They described the arrestment scribed the cytological and histological 
of growth and the development of a reactions to it. From these various 
thickening of the basal region of oat studies, it is obvious that the responses 
plants. Charlock, on the other hand, of plants to this substance are distinctly 
seemed unaffected. Allard et al. (2) de- different from those induced by the 



scribed this same response in oats and halogen-substituted phenoxyacetic acid 

also a characteristic dark blue-green type of plant growth-regulator, typified 

. r N . T T- J -1 by 2,4-dichlorophenoxyacetic acid. 

I Contribution from Camp Detrick, Frederick, r v 

Md. In the present study the morphological 

3 Agronomist. changes which plants undergo following 
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treatment with 0-isopropyI N-phenyl 
carbamate are more fully described with 
a view to aiding investigators concerned 
with such problems as those raised in 
studies of growth-regulating compounds 
for vegetational control. 

A vena saliva L. was chosen for the 
major portion of this work, since, in gen- 
eral, its responses are fairly typical of 
those of the grasses, and because the 
writer has used this species in studying 
cyto-histological responses to this carba- 
mate. Many other species have been 
tested, and those which are responsive 
to this compound will be considered. 

Experimentation 

Response of germinating seeds 

TO SOIL applications 

Germinating cereal plants have been 
observed to be very susceptible to soil 
applications of 0-isopropyl N-phenyl 
carbamate (i). In view of the ease and 
rapidity with which plants can be tested 
by this method, over fifty species have 
been so tested at the germination stage. 
Immediately following planting, the com- 
pound, in loo ml. aqueous solution, was 
applied to the soil in |-gallon pots at a 
rate of lo mg./i.7 kg. soil. The soil was a 
mixture consisting of two parts very fine 
sandy loam and one part peat by volume. 
Observations were made of the gross re- 
sponses of the plants as manifested in 
emergence, morphological changes, and 
subsequent growth (table i). 

There were striking differential effects 
upon the emergence of various species. 
Some emerged from soil containing the 
carbamate without showing any obvious 
response; others failed to emerge. The 
effects were not limited to monocotyle- 
dons. Many dicotyledonous species were 
affected. 

Responses of some monocotyle- 
DONOus SPECIES.— The gross responses of 


germinating cereals and grasses to this 
substance were very similar. Five days 
after application no emergence was noted 
in pots containing susceptible species 
(table i). The more resistant gramineous 
species, such as corn, sudan grass, rice, 
sorghum, and millet, were retarded in 
emerging and had enlarged coleoptilar 
regions. All corn plants failed to develop 
further, whereas 30-50% of the total 
number of sorghum, sudan grass, millet, 
and rice plants grew slightly. The latter 
plants were greatly retarded, and their 
newly emerged leaf blades were about 
10-20% the width of those of untreated 
plants. The root systems of the treated 
plants were greatly stunted; no adven- 
titious roots had developed within 10 
days after treatment. The more suscep- 
tible species (oats, barley, rye, wheat, 
timothy, redtop, orchard grass, and rye 
grass) did not emerge above the soil sur- 
face. Macroscopic examination of the 
latter abnormal seedlings revealed that 
the shoot had burst through the seed 
coat and that the coleoptilar region had 
become greatly enlarged. The roots of the 
susceptible cereals were J-f inch long 
and were stubby and bulbous (fig. i), 
whereas in the case of rye grass and timo- 
thy no roots were formed. Up to 3 weeks 
after treatment neither root nor shoot 
growth had been initiated from seed of 
redtop or orchard grass. 

Responses of some dicotyledonous 
SPECIES. Most of these species tested 
did not show obvious responses to appli- 
cation of this carbamate at the germina- 
tion stage (table 1). All the cucurbits 
tested, however, responded in varying 
degrees. Cucumber and watermelon bare- 
ly emerged from the soil, and their coty- 
ledons failed to expand. Such seedlings 
had short, thick hypocotyls and poorly 
developed root systems (fig. 2A). Pump- 
kin, squash, and gourd were slightly de- 


TABLE i 

El'l^ECT OF 0 -ISOPROPYL N-PHENYL CARBAMATE UPON GERMINATION OF DIFFERENT PLANTS 

Applications to soil at planting time at rate of io 1.7 kg, soil 

IN 100 ML. AQUEOUS SOLUTION 


Common name 

Scientific name 

Ref;ponse='' 

Comment.' 


Chenopodiaceae 

Garden beet 

Beta vulgaris L. 

Beta vulgaris var. cicla L. 



Swiss chard 

X 



X 



Compos! tae 

Chicory 

Cichorium intyhus L. 
Helianthus annuus L- 

X 


Sunflower 



X 



Convolvulaceae 

Morning-glory 

Ipomoea grandiflora rnbro- 
coerube praecox 

xxx 

Delayed in emergence; permanent- 
ly stunted; dark-green color 



Cruci ferae 

Mustard 

Brassica juncea Coss. 
Brassica napus L. 

Brassica oleracea var. 

XX 

S h 0 rten cd h y i:)Ocoty 1 

Rape . 

X? 

Broccoli . 

X 


Cabbage 

botrytis L. 

Brassica oleracea var. 



Turnip 

capitata L. 

Brassica rapa L. 

Raphanus sativus L. 

X 

X 


Radish. 

X 






Cucurbitaceae 

Watermelon 

Citndlus vulgaris Schrad. 

Ciicumis sativus L. 

xxx 

Delayed in emergence; permanent- 
ly inhibited at 2-leaf stage 
Delayed in emergence; permanent- 
ly inhibited at 2-leaf stage 

Slight delay in emergence; short- 
ened hypocotyl 

Slight delay in emergence; short- 
ened hypocotyl 

Some shortening of hypocotyl 

Cucumber. 

xxx 

Squash . . 

Cucurbita maxima 

. XX ' 

Pumpkin 

Duchesne 

Cucurbita pepo h. 

Lagenaria vulgaris Ser. 

XX 

Gourd .......... . . .... 

' ' .XX 



Euphorbiaceae 

Castor bean ............. 

Ricinus commmnis L. 

XX 

Delayed germination, shortened 
hypocotyl 




* X— -No apparent effect; xx — Plants delayed in gerinmation and stunted but some subsequently recovered; xxx— -Plants emerged 
but developed no further; xxxx— -No emergence. 



TABLE 1 — Continued 


Common name 

1 Scientific name 

j Response'-^' 

Comments 


Gramineae 



Red top 

Abyssinian oat 

Red oat 

Wild oat 

Oat 

Animated oat, . 
Sand oat. . . . . . 

Orchard grass. . 
Sorghum 


No seeds germinated 
Enlarged coleoptile, bulbous roots 
Enlarged coleoptile, bulbous roots 
Enlarged coleoptile, bulbous roots 
Enlarged coleoptile, bulbous roots 
Enlarged coleoptile, bulbous roots 
Enlarged coleoptile, bulbous roots 
No seeds germinated 
Delayed emergence; some perma- 
nent stunting, others recovered- 
hairlike leaves ’ 

Delayed emergence; some perma- 
nent stunting, others recovered- 
hairlike leaves 

Enlarged coleoptile, bulbous roots 
No roots developed; bulbous cole- 
optiles 

Germination reduced; stunting 
No root development; bulbous 
coleoptile 

Enlarged coleoptile, bulbous roots 
Delayed emergence; some perma- 


Sudan grass 


Barley. . . 
Rye grass 

Rice. 

Timothy . 


Rye. . 
Millet 


Wheat 
Corn . . 


juminosae 


Peanut. 

Lespedeza 

Alfalfa. ......... . 

White sweet clover 

Bean 

Field pea. 

Garden pea. 

Soybean 

Alsike clover ...... 

Ladino clover. . , . . . 
Broad bean. . . . . . . . 

Hairy vetch .... . , , 

Cowpea. 


Linaceae 


Linum usitatissimum L. 


Hypocotyl swollen and shortened 


. . Agrostis alha KmcL 

xxxx 

. Amna abyssinica Hochst. 

xxxx 

. Avena hyzantina C. Koch. 

xxxx 

. Amna fakia L. 

xxxx 

. Amna sativa L. 

xxxx 

. A vena sterilis L. 

xxxx 

. Avena strigosa Schreb. 

xxxx 

. Dactylis glomerata L. 

xxxx 

. Bolcus sorghum L. 

XX 

. Holcus sudanensis Bailey 

XX 

. . Eordeum vulgare L. 

xxxx 

. Lolium- mtdtijlorum Lam. 

xxxx 

. . Oryza sativa L. 

XX 

. Phleum pratense L. 

xxxx 

. Secale cereale L. 

xxxx 

. Seiaria Ualica Beauv. 

XX 

. Triticim sativum Lam. 

xxxx • 

. Zea mays L. 

XXX 


. Arachis hypogaea L. 

X 

. Lespedeza striata Hook. & 
Arm 

X 

. Medicago saliva L. 

X 

Melilotus alba Desr. 

X 

Phaseolus vulgaris L. 

X 

Pisum arvense L. 

X ' 

Pisum sativum L. 

X 

Soja max Piper 

X 

TrifoHum hyhrid.um L. 

X 

Trifolium repens latum 

X 

Vida f aba JL. 

X 

V kia villosa Koth. 

X 

Vigna sinensis Endl. 

X 
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Common name 


Scientific name 


Response' 


Comments 


Malvaceae 


Cotton 


Buckwheat 


Pepper . . . 
Tomato . . 
Tobacco . 
Petunia . . 
Eggplant 


Carrot. 


Gossypmm hirsukim L. 

! 

1 

V 1 



Polygonaceae 

Fagopyrim esculenium 

■ XXXX 

HypGcotyl swollen and shortened 

Moench. 



Solanaceae 

Capsicum frukscens (L. ) 

XXX 

Reduction in stand; permanently 

var. grossum Bailey 


inhibited at 2-leaf stage 

Lycopersicon esculenkmi 

XXX 

Delayed emergence; permanently 

Mill. 


inhibited at 2-leaf stage 

Nicotiana tabacum L. 

XXX 

Reduction in stand; permanently 
inhibited at 2-leaf stage 

Petunia violacea Lindl. 

XXX 

Reduction in stand; permanently 
inhibited at 2-leaf stage 

Solanum melongena (L.) 


var. esculent um Nees. 

XX 



Umbelliferae 


Daucus carota (L.) var. 



satim DC. 

X ' 



layed in emerging and also had short, 
thick hypocotyls. They appeared stunted 
up to 2 weeks after treatment, but sub- 
sequently they fully recovered. 

Buckwheat and flax plants responded 
similarly to each other in that the seeds 
germinated and broke the surface of the 
soil, but the shoot failed to emerge. Ex- 
amination of the sprouted seedlings 
showed that the hypoco tyl was much 
shortened and thickened. The root sys- 
tem was stunted, and the root tips were 
swollen. The cotyledons partially un- 
folded beneath the soil surface but failed 
to develop further (fig. 2B, C). 

Morning-glory plants were delayed in 
emergence, and the leaves appeared 
rugose and were inhibited in unfolding. 
These plants had swollen and shortened 


hypocotyls and thick primary roots. The 
leaves were distinctly darker green in 
color 10 days after treatment. Although 
the cotyledons remained green for over 3 
weeks, no further shoot growth was pro- 
duced (fig. 2D); 

Tobacco failed to emerge from treated 
soil. Tomato and pepper emerged, but 3 
weeks after treatment they had not pro- 
duced any epicotyledonary leaves. The 
tomato seedlings had a distinctly darker 
green coloration 7-10 days following 
application and very short hypocotyls. 

Relation oe exposure interval 

TO SURVIVAL OE OAT AND 
BARLEY PLANTS 

An experiment was performed to de- 
termine the relationship between length 
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Fig. 2. — Response of certain germinating dicotyledonous plants to soil applications of 0 -isopropyl 
N-[)heny] carbamate. Applications of loo ml. aqueous solution were made at planting time at rate of to mg./ 
1.7 kg. soil. Note short, thick hypocotyls and poorly developed, thick radicles. Shoot growth ceased at this 
stage. Control on left in each case except in C. cucumber; buckwheat; C, flax; Z), morning-glory. 
(Photographed 7 days after treatment.) 
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of exposure to the carbamate and surviv- 
al of the treated plants. Four-day-old oat 
and barley plants growing in soil in 
glazed pots were treated in April, 1947, 
by applying the carbamate, in 250 ml. of 
aqueous solution, to the soil at rates of 
o, I, 5, 10, and 50 mg./i.7 kg. soil. At 
various intervals ranging from i to 120 
hours after application, twenty-five to 
thirty plants were removed from the 
variously treated soils. After all soil was 
carefully washed from the roots, they 
were transplanted to small paper drinking 
cups containing soil with no carbamate. 
Eight to 10 days later each surviving 
plant was transplanted to a glazed pot 
containing 1 .7 kg. soil with no carbamate 
and was moved into the open, outside the 
greenhouse. Observations were made of 
the number of plants surviving, growth 
habit, number of tillers, and heads or 
panicles produced. Representative plants 
were photographed at intervals from the 
seedling stage to maturity. 

Since cytological studies upon oat 
plants exposed to 0 -isopropyl N-phenyl 
carbamate show that abnormal nuclear 
and cell behavior occurs within a few 
hours following treatment (5), root and 
shoot material was fixed at various 
stages of the experiment to determine the 
relation of these early induced responses 
to the survival and subsequent develop- 
ment of oat and barley plants. 

Three days after 4-day-Gld oat plants 
were exposed for i hour to 5, 10, or 50 
mg. of this substance per pot, stunting 
was apparent, and the first foliage leaf 
had a dark blue-green coloration. Barley 
plants similarly treated showed the same 
responses but to a lesser degree. Four 
days after plants were exposed to 5, 10, 
or 50 mg. per pot, marked inhibition was 
observed in both cereals. The first foliage 
leaves were spatulate and dark green. 
The I -mg. treatment resulted in slight 


inhibition. After a 24-hour exposure to 5, 
10, or 50 mg. of the carbamate per pot 
some bulbous swelling of the root tips 
was noticed; after 30 hours the coleoptile 
ruptured in certain cases, and the cole- 
optilar nodal region had a slight yellow- 
ish coloration. 

With increasing intervals of exposure, 
the gross effects described above became 
marked, except in the pots treated with 
I mg. of the substance; many plants re- 
covered from this latter treatment. 

Many plants did not show swelling of 
the coleoptilar region when removed 
from treated soil, but such swelling sub- 
sequently developed after their transfer 
to soil with no carbamate. This indicated 
that a sufficient quantity of carbamate 
or stimulus produced by the compound 
was present in the tissues to result in 
gross swelling even after they were placed 
in untreated soil. 

All plants retaining a green color were 
transplanted to glazed pots 12 days after 
treatment. Some of them had only a dark 
blue-green first foliage leaf protruding 
from the coleoptile, whereas others had 
put out additional leaves or, in some 
cases, tillers which had much narrower 
leaves than the controls (fig. 3). Some 
plants showing no shoot growth had de- 
veloped new roots. This may have been 
the result of unequal exposure of the 
roots and shoots to the carbamate but 
more likely to a greater capacity of the 
plant to initiate new roots than new 
shoot growth. 

Figure 5 shows the effect upon survival 
of treating oat plants with the carbamate 
for varying intervals. Barley responded 
similarly. Plants which showed gross re- 
sponses at the time of transplanting were 
;reatly delayed in growth and developed 
a rosette habit (fig. 4^) ; many subse- 
quently died. In the early stages of devel- 
opment a greater degree of tillering was 
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evident in the treated plants, but the un- 
treated plants later produced about the 
same number of tillers. Many plants were 
delayed several weeks in maturity (fig. 
45). In view of certain similarities be- 
tween the cytological effects induced by 
this substance and by colchicine, seed 
from the treated plants was collected, 
and plants grown from them will be ex- 
amined cytologically to determine pos- 
sible increase in chromosome numbers 
and whether morphological changes were 
induced. 

Oats exposed to 50 mg. of the carba- 
mate per pot for i hour showed less than 
50% survival and only about 10% when 
exposed for 6 hours (fig. 5). All plants 
died after exposure to 10 mg. per pot for 
30 hours, and only about 5% of the 
plants survived after being exposed to 
S mg. for 36-48 hours. Barley plants were 
more capable of surviving than oat 



Fig. 3. — Oat plant 32 days after exposure for 
12 hours to soil containing 5 mg. of 0-isopropyI 
N-phenyl carbamate per 1.7 kg. soil. 



Fig. 4.~Response of oats to soil applications of O-isopropyl N-phenyl carbamate. .^1,32 days after 4-day- 
old oat plant was exposed for 24 hours to soil containing 5 mg. carbamate per pot. Note stunted, rosette 
growth. jB, 69 days after 4-day-old oat plant was exposed for 6 hours to soil containing 5 mg. per pot. Note 
great delay in heading. Controls on left in both photographs. 
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plants under similar conditions, except at 
the high rate of 50 mg. The i -mg. rate 
was usually a sublethal amount, and con- 
sequently most of the plants recovered 
even after long exposure (fig. 5). 

Cytological and histological re- 
sponses OF barley and oats 

A study of slides prepared from oat 
and barley material described in the pre- 
ceding section showed that cytological 
responses occur in these species after 1-6 



Fig. s.— Effect of 0 -isopropyI N-phenyl car- 
bamate Upon survival of 4-day-old oat plants ex- 
posed to substance for varying intervals. Applica- 
tions to soil at four rates in 250 ml. of water. Per- 
centages based on number of plants reaching fruiting 
stage. 

hoursof exposure to 0 -isopropyl N-phenyl 
carbamate in soil. It appears pertinent 
to record certain of these responses which 
may be associated with survival of the 
plants and with certain morphological 
characteristics which developed after ex- 
posure to the compound for varying in- 
tervals. 

In contrast to 2,4-dichlorophenoxy- 
acetic acid and similar growth-regulating 
substances, 0 -isopropyl N-phenyl carba- 
mate had a profound effect on meriste- 
matic cells of root and shoot. Instead of 
the rapid induction of cell division in 
such tissues as endodermis, pericycle, or 
rays, ^ which results from applications of 
2,4-dichlorophenoxyacetic acid, the con- 


verse took place. Exposure of cereal 
plants to this carbamate in either soil or 
nutrient-solution cultures resulted m ces- 
sation of cell division in root and shoot 
meristems with accompanying increase in 
chromosome numbers and great enlarge- 
ment and maturation of these cells. 
Young differentiating leaf cells and the 
cortical and stelar root cells in the region 
of elongation likewise increased in size 
and matured. 

Responses of root.— Cytological re- 
sponses were evident in roots of 4-day- 
old oat and barley seedlings i hour after 
application of 0 -isopropyl N-phenyl 
carbamate to the soil in which the plants 
were growing. Roots from oat plants 
treated at a rate of 10 mg./i.y kg. soil 
showed increased mitotic activity in the 
stelar cells in the region of elongation, 
characterized by a disproportionately 
larger number of metaphase figures and 
fewer of anaphase than occurred in roots 
of the control. Applications of 50 mg. per 
pot resulted in chromosome clumps in 
both oats and barley. There was a lack of 
congression of chromosomes at the meta- 
phase plate; instead they were scattered 
throughout the cell. Anaphase figures 
were scarce in this material, and many of 
those which were present appeared ab- 
normal in that chromosomes were sepa- 
rated into more than two groups, indica- 
tive of multipolar spindle action. These 
groups later formed micro-nuclei. 

All the histogen cells of the root ap- 
peared to be slightly less responsive to 
treatment with the compound than the 
stelar cells basipetal to the histogen re- 
gion. The increased activity of the stelar 
cells was perhaps related to the state of 
nuclear division at time of treatment or 
to a difference in the metabolic state of 
the histogen cells and those in process of 
elongation or expansion. 

After 6 hours of exposure to 50 mg. of 
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j 0-isopropyl ,N-ph.enyl carbamate per 

pot, oat roots showed abnormal anaphase 
figures and many metaphases. In treated 
; barley roots there were three to four 
I times as many metaphases as anaphases. 

! Although untreated barley roots showed 
j fewer anaphases than metaphases, the 

proportion was far less than that in the 
treated roots. In the abnormal anaphases 
the chromosomes were often separated 
into several clumps. Cytokinesis ap- 
peared to have largely ceased. 

Thirty hours after treatment with the 
, carbamate at a rate of 10 mg. per pot, the 
cortical and stelar cells of oat roots had 
many micro-nuclei. These cells were lo- 
cated a few cells basipetal to the histogen 
layer and extended into the region of 
elongation of the root. Such cells were 
frequently vacuolated and contained un- 
evenly stained cytoplasm. Many blocked 
metaphases occurred, and the chromo- 
somes in the stelar cells were markedly 
crowded and showed an obvious increase 
in number. Some cortical cells had giant 
nuclei, while others had micro-nuclei. 
Very few anaphase figures were present 
in the cortical and stelar cells which 
showed the numerous blocked meta- 
phases. The cells in adventitious roots 
were twice the diameter of those in the 
control and contained larger nuclei. 

After 72 hours essentially all root cells 
basipetal to the histogen region were 
highly vacuolate, and many cells con- 
tained several micro-nuclei (10-12 per 
cell, in some cases). The large mass of 
nuclear material in some cells was usually 
irregular in shape. Cells had become 
greatly enlarged. 

Responses of shoot.— Cytological 
behavior of shoot cells was similar to that 
occurring in the root. Following exposure 
to 50 mg. of 0 -isopropyl N-phenyl carba- 
mate per pot for i hour, the provascular 
I cells in the leaves of 4-day-old oat and 


4S3 

barley seedlings showed a large number 
of metaphases with chromosomes scat- 
tered throughout the cell in a diakinesis- 
like manner. This did not occur in un- 
treated plants. The chromosomes were 
contracted, and true anaphase separation 
did not occur as observed in untreated 
plants. The provascular region of the dif- 
ferentiating leaves showed the greatest 
activity, as characterized by the presence 
of numerous metaphase-like figures. The 
occurrence of so many of these figures 
was suggestive of an anesthetizing action 
of the carbamate when cells are past the 
prophase with consequent failure of the 
mitotic cycle to go to completion. 

After 6 hours cells of the young leaves 
and of the apical meristem showed an ac- 
cumulation of numerous blocked meta- 
phases and a few abnormal or no ana- 
phase figures. Only slightly fewer ana- 
phases than metaphases occurred in un- 
treated plants. There were some cells 
showing clumps of chromosomes of un- 
equal size. 

Thirty hours after 4-day-old oats were 
exposed to 10 mg. in soil, giant nuclei 
were present in certain cells of the apical 
meristem and leaves of the shoot. These 
cells were greatly enlarged and matured. 
The enlargement was approximately pro- 
portional to the increase in nuclear ma- 
terial. 

Responses of established cereals 

Application in nutrient culture. — 
The germination stage appears to be the 
most susceptible for inducing responses 
with this carbamate. Studies have indi- 
cated that, with increasing age, cereal 
plants have a greater tolerance to the 
compound when applied in the soil. This 
may result in part from the fact that 
plants in later stages of development 
have deeper root systems; thus, the lower 
part of the root system may not be in 
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contact with the substance applied in the 
surface layer. 

A study was made of the effects of this 
carbamate on well-established plants in 
which the entire root system was ex- 
posed. Oat plants were grown in coarse 
gravel supplied with Hoagland’s nutrient 
solution, and the carbamate was intro- 
duced in the solution at concentrations 
of o.i, i.o, and 5.0 p.p.m. when the 
plants were 4 days old, 6 inches tall, 
and in early and late boot stages. 


velopment was inhibited if the roots were 
exposed to the compound even at the 
time the panicles were emerging from the 
boot. Four-day-old seedlings exposed to 
concentrations of i.o or 5.0 p.p.m. often 
had ruptured coleoptiles a few milli- 
meters acropetal to the coleoptilar node. 

In the experiment reported above it 
was noted that, a few hours after roots of 
oats were exposed to concentrations of 
1.0 p.p.m., shoot elongation ceased. In 
order to observe the effects of extremely 




Fig. 6.— Effect of exposing oats to 0-isopropyl N-phenyl carbamate in gravel nutrient culture for ii days. 
Plants days old when initially treated. On right are panicles excised from plants on left, i, control; 2 , 0.1 
p.p.m.; 3 , 1.0 p.p.m.; 4 , S.o p.p.m. Note that 1.0 or 5.0 p.p.m. of the substance has caused cessation of shoot 

elongation. 


Contrary to effects resulting from ex- 
posures in soil (2)5 plants at each, of these 
stages of growth failed to develop further 
when exposed to i or 5 p.p.m. of the sub- 
stance. No new roots were formed, and 
those already present developed bulbous 
tips with profuse root-hair growth. The 
leaves became dark blue-green; subse- 
quently a brown diseoloration developed 
at the tip which gradually progressed to 
the base of the blade. Failure of the grow- 
ing point to develop further and of the 
young internodes to elongate resulted in 
markedly suppressed top growth and 
panicle development (fig. 6). Panicle de- 


dilute concentrations of this substance 
on shoot elongation, eleven enamel trays 
covered with paraffin nets were set up 
and filled with Hoagland's nutrient solu- 
tion containing o, 0,1, 0.2, . . . , 1.0 
p.p.m. of the carbamate. Thirty 4-day- 
old oat seedlings of uniform shoot length 
were transferred to each tray, and the 
roots immersed in the solution. 

Seven days later the shoots were 
measured (cotyledonary node to tip of 
the longest leaf blade) . Shoot elongation 
was inversely proportional to the con- 
centration of the solution (fig. 7). 

Application to tops. — Earlier work 
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with this carbamate (2, 4) has indicated 
that it has relatively little effect upon 
cereals when applied only to the tops of 
seedling plants. Since the concentration 
of the carbamate in the nutrient solution 
which resulted in inhibition of the shoot 
was relatively low, it appeared that the 
amount of compound actually in the in- 
hibited shoot was probably very small. 
It accordingly seemed that direct appli- 
cation of the compound to the shoot 
might result in pronounced responses if 
the growing-point were brought into 
contact with the substance. Consequent- 
ly, plants were treated at the seedling 
stage and at the boot stage both by 
spraying and by dipping the tops into 
solution. 

The aerial portions of some oat plants 
15 inches tall (soil surface to tip of long- 
est leaf) and of others in the ^^boot” 
stage of development were dipped twice 
into aqueous solutions^ containing 100, 
1000, or 5000 p.p.m. of the carbamate. 
The plants were thoroughly wetted, 
since the formulation contained a wet- 
ting agent. Control plants were similarly 
dipped in water containing Santomerse 
D. All plants were allowed to dty with 
the pots in a horizontal position to pre- 
vent contamination of the soil. Oat 
plants at the same stages of development 
were sprayed six times over a period of 
2 days with 50 ml, per sq. yd. of a 5000- 
p.p.m. aqueous solution. The soil was 
protected from the spray in one series 
with cotton batting. Responses were ob- 
served until the control plants matured. 

No effects were induced when the tops 
of 15-inch plants were treated by either 
dipping or spraying, whereas plants in 
the boot stage were inhibited by both 
types of treatment. The response of 

3 Solutions made from a 20% experimental for- 
mulation of O-isopropyl N-phenyl carbamate pre- 
pared by John Powell & Co New York City. 


plants in the boot stage to these top ap- 
plications w^ere like those described in the 
nutrient-solution experiment for plants 
in the boot stage (fig. 8). Plants sprayed 
with the carbamate when 15 inches tali, 
with soil not protected from the spray, 
were killed by the treatment (fig. 9). The 
same spray treatment at the boot stage, 
however, was no more effective in in- 
hibiting panicle emergence than the 
treatment in which the soil was protected 



Fig. 7. — Effect of O-isopropyl N-phenyl car- 
bamate upon shoot elongation of oats. Roots ex- 
posed continuously to substance in Hoagland’s 
solution. Plants 4 days old when first exposed and 
measurements taken after 7-day exposure. 

(fig. 9). The difference in response at the 
two ages may be explained on the basis 
of stage ot development. At the early 
stage the internodes had not elongated, 
and the apical meristem of the shoot was 
well protected by many enveloping leaf 
sheaths. On the other hand, the inter- 
nodes of a plant in the boot stage had 
fully elongated, and the growing-point 
was protected only by the sheath of the 
flag leaf and by perhaps one other leaf. 
Consequently, treatment of tops at this 
later stage caused inhibition of the em- 
bryonic tissues of the panicle either 
through absorption and translocation of 
the carbamate through the leaves or by 
direct external exposure of the meristem 




Fig. 8. — Effect of dipping tops of oat plants in 
aqueous formulations of 0 -isopropyl N-phenyl 
carbamate. Plants in boot stage of development 
when treated. I, icoo p.p.m. Santomerse D (con- 
trol); 2, looo p.p.m.; s, 5000 p.p.m. Twenty days 
after treatment. 

the low solubility of this compound in 
water, it was applied in solution in 10 ml. 
of oil at rates of 0.5, i.o and 1.5 gm./sq. 
yd. The substance was first dissolved in 
tributylphosphate (i gm./2 ml.) and 
then diluted to the appropriate concen- 
tration with no. 2 fuel oil (6). Applica- 
tions were made in quadruplicate when 
the plants were 6 inches and 15 inches 


Fig. 9.— Effect of 0 -isopropyl N-phenyl 
carbamate upon oats. Plants treated by dipping or 
spraying the tops at i s-inch stage [above) and boot 
stage (jbelow) with aqueous formulations of sub- 
stance; 46 and 20 days after treatment, respectively. 
A, control; B, icco-p.p.m. dip; C, 5000-p.p.m, dip; 
D, 5000-p.p.m. spray (soil covered); E, 5000- 
p.p.m. spray (soil not covered). Plants below are 
about equally inhibited by all treatments. 

plications were made with a DeVilbiss 
type MBC spray gun fitted with Decora- 
tors MBC-231 spray head and a veiling 
cap which produced a medium-fine drop- 
let spray. Gross responses and effect on 
grain yield were recorded. 

This study and other comprehensive 
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field studies, not reported here, are in 
agreement with the greenhouse studies, 
since applications of this compound in 
oil spray/at late stages caused similar in- 
hibition of cereal plants. Spray applica- 
tions at earlier stages reduced the growth 
of cereals very effectively, but these ef- 
fects appeared to be induced almost 
wholly as a result of soil contamination. 
Although burning of the plants by the 
tributylphosphate-oil formulation caused 
considerable reduction in grain yield at 
all stages, wheat plants sprayed at the 
6-inch or boot stage yielded significantly 
less than those treated at the 15-inch 
stage (fig. 10). 

Irrigation water treatments of 
RICE. — Rice plants, 19 days old, were 
treated by applying the carbamate in ir- 
rigation water. They were much stunted, 
developed a dark-green coloration, and 
produced many tillers. Twenty-eight 
days after treatment such plants had not 
increased in height (fig. ii). Forty- two 
days after treatment the plants were 
considerably recovered, in that shoot 
growth, although somewhat stunted, had 
occurred and panicles had begun to 
emerge from the main culms and tillers. 
At this time the control plants were in 
the hard-dough stage. These effects were 
unlike those caused by sublethal appli- 
cations of certain halogen-substituted 
phenoxyacetic acids since the latter 
usually cause no marked delay in 
maturity. 

Forty-five-day-old rice (early boot 
stage) treated similarly also ceased to 
grow acropetally and became dark green. 
Fifty days after treatment, when grain 
was mature in the untreated plants, 
panicles in the treated plants had not 
emerged, although the plants were still 
green (fig. ii). Some new tillers were 
produced; it appeared, however, that 
plants treated at this later stage were less 


capable of resuming apical growth or 
initiating new tillers than were plants 
treated at an earlier stage. 

Responses of certain estab- 
lished DICOTYLEDONS 

Limited studies were made of the ef- 
fects of this carbamate on several species. 
These were treated by applying the com- 
pound to the soil at relatively early 
stages of growth. 
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Fig. 10. — ^Effect of O-isopropyl N-phenyl car- 
bamate upon yield of field-grown wheat. Compound 
applied at three rates in tributylphosphate-oil 
spray. F values for stages, rates, and stages X rates 
are highly significant. 

Fagopyrum esculentum was one of the 
first plants to be described as being af- 
fected by O-isopropyl N-phenyl carba- 
mate (2). In order to test the effects of 
top application of this substance further, 
buckwheat plants were exposed to it by 
dipping the tops into solutions of the ^ ^ 

carbamate'^ at 100, 1000, or 5000 p.p.m. r 

The same formulation w^as used as pre- i, ' 

viously described for oats. Plants were v 

also treated by placing over the growing- | 

point absorbent cotton pledgets which j | 

were dampened five times with concen- yt 

trations of 200, 1000, or 2000 p.p.m. of * ) 

the compound during a 64-hour period. ‘I 

The responses induced as a result of | 
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each type of treatment were the same, which developed at the cotyledonary 
The internodes failed to elongate, and node were very short and bore two hun- 
the youngest leaves ceased to expand and dred or more flowers. Untreated plants 
became thickened. The floral parts on the showed no shoot developnaent at the 
main stem were reduced in number (fig. cotyledonary node, and shoots arising 
12). Axillary shoots subsequently de- at the other nodes bore only 50 to 75 
veloped. In some instances the shoots flowers each. Buckwheat treated at sub- 


Fig. II. — Effect of 0 -isopropyl N-phenyl car- 
bamate upon rice when applied in irrigation water. 
Above {right), 28 days after application, in o.i ml. 
fuel oil, of 25 mg. per pot. Plants 15 inches tall 
when treated. Note darker color and profuse tiller- 
ing. Below 49 days later, same pot as on 

right above. Panicles are Right {below), 

treated at same rate when 45 days old (36-40 
inches). No panicles had emerged 50 days after 
treatment. Treated plants developed darker green 
color in all cases. Controls oh left in both photo- 
graphs. • 


Fig. 12. — Effect of 0 -isopropyl N-phenyl car- 
bamate upon buckwheat. Above {right), plants 
treated by applying aqueous solution of carbamate 
at 2CO p.p.m, to cotton pledgets placed over apical 
buds. Below {right), root tip from buckwheat ex- 
posed to substance in soil. Controls on left in each 
case. 
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lethal levels by soil or top applications 
produced axillary shoots even though the 
primary stem apex was permanently in- 
hibited. The root tips became bulbous 
following soil applications (fig. 12). 

The similarity of response to the two 
types of treatment with 0-isopropyl 
N-phenyl carbamate is evidence that the 
compound is most effective on young or 
meristematic tissues. These observations 
are in accord with results obtained by 
dipping or spraying oats at a late stage. 

Plants of Solanum tuberosum, 2 inches 
tally treated with 0 -isopropyl N-phenyl 
carbamate at rates ranging from 8 to 20 
mg. per pot by applying the substance to 
the soil, developed a rosette growth 
(fig. 13). The leaves became thickened 
and brittle. The terminal growing-point 
of the central stem was permanently in- 
hibited, but 17 days following treatment 
axillary shoots had begun to develop and 
3 weeks later had reached a height equal 
to the control (fig. 13). Tubers harvested 
from potatoes grown in the greenhouse 
indicated that the yield was not marked- 
ly affected by applications such as those 
described above. 

Plants of Lycopersicon esculentum, 
8 inches tall, treated by applying the 
carbamate to the soil at rates of 3, 5, 10, 
15, or 25 mg./i.y kg. soil, showed re- 
sponses 4 days after treatment. The peti- 
oles were curled downward, and the 
leaves were distinctly rugose. Plants later 
became prostrate, probably as a result of 
a stunted root system. Subsequently, the 
apex of the stem turned upward with the 
lower stem supported by the rim of the 
pot (fig. 14). Internodal elongation was 
retarded, and, in plants treated at a rate 
of 25 mg. per pot, a marginal necrosis of 
leaves developed 10 days following treat- 
ment. Virtually no further growth oc- 
curred in such plants. Twenty-five days 
after treatment at rates of 10 or 15 mg. 


per pot, many axillary shoots were de- 
veloped, w^hile the terminal bud was in- 
hibited (fig. 14). This response resembled 
the responses of buckwheat and Irish 
potatoes similarly treated. 

Discussion 

Recent w'ork on plant growth-regulat- 
ing substances has been largely centered 
on their use for herbicidal purposes and, 
in particular, on the development of 
herbicidal methods by which undesirable 
weeds might be removed from a crop. AI- 


Fig. 13. — Response of Irish potatoes to soil ap- 
plications of 0-isopropyl N-phenyl carbamate. 
Above {right) yXOSQttQ-]ike plant 17 days after appli- 
cation of 20 mg, to soil. Below {right), typical growth 
following recovery from treatment. Note that cen- 
tral stem is suppressed and that axillary shoots have 
been produced. 
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though G-isopropyl N-phenyl carbamate 
has inhibitory activity on the growth of 
certain plants, the responses induced by 
this substance are clearly of a different 
type from those induced by certain 
halogen-substituted phenoxyacetic acids, 


Fig. i4.~Response of tomatoes to soil applica- 
tion of 0 -isopropyl N-phenyl carbamate. ^ {right) , 
plant 12 days after application of lo mg. per pot. 
B, same plants as A i6 days later. Note production 
of axillary shoots and suppression of terminal bud 
in treated plant (cf. fig. 13), Controls on left. 
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of which 2,4-dichlorophenoxyacetic acid 
is the best known. At one time the latter 
was considered to be without effect on 
cereals and grasses, and, indeed, spray 
applications of 2,4-dichlorophenoxyace- 
tic acid at low concentration may be 
made to established cereals and grasses 
without causing obvious injury. If ap- 
plied, however, in greater concentration 
or to germinating seeds or seedlings, 
2,4-dichlorophenoxyacetic acid appears 
to induce responses in virtually all spe- 
cies which have been tested. The com- 
pound 0 -isopropyl N-phenyl carbamate 
has been shown in this work to be more 
truly selective. Its activity, however, is 
not limited to monocotyledonous species 
as has been claimed in popular literature. 
0 -isopropyl N-phenyl carbamate is dis- 
tinctive in that at the germination stage 
all cereals and grasses tested showed re- 
sponses to it, whereas dicotyledonous 
species varied in their response. Most 
dicotyledons germinated and grew in soil 
containing the carbamate without show- 
ing any obvious response, but under the 
same conditions certain other dicotyle- 
dons were severely inhibited. The com- 
pound did not induce epinasty in any 
species tested. 

Responses can be induced in cereals by 
applications of the carbamate to the tops 
at certain stages of development. Effects 
can be induced also in some susceptible 
dicotyledonous species (such as buck- 
wheat) through applications to the tops 
of established plants. The stage of devel- 
opment in cereals is a significant factor 
in the degree of their response to top ap- 
plications. Cereals with fully elongated 
internodes— for example, the boot stage 
— ^are inhibited when the tops are dipped 
or sprayed with formulations of the car- 
bamate. On the other hand, cereal plants 
with internodes not elongated do not 
show any obvious response to similar 
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treatments. The differential response in 
the two different growth stages is prob- 
ably related to the position of the grow- 
ing-point. For example, the young in- 
florescence of a cereal plant, with its 
elongated internodes, is protected from 
spray or dip applications of the carba- 
mate by the sheath of the flag leaf and 
perhaps one other sheath; consequently, 
the inflorescence is inhibited by contact 
with the compound which can readily 
penetrate between the folds of the leaf 
sheaths or be absorbed and translocated 
through the leaves to the young tissues of 
the inflorescence. Prior to elongation of 
the internodes of cereals the stem apical 
meristem is protected from the spray by 
many enveloping leaf sheaths; no re- 
sponses, therefore, are induced by appli- 
cations of the carbamate to tops of such 
plants. 

Although responses can be induced in 
cereals with fully elongated internodes 
by applications of 0-isopropyl N-phenyl 
carbamate to their tops, other work with 
cereals shows that responses are most 
easily induced by applications of the 
carbamate to the soil at the germination 
and young seedling stages. With the for- 
mation of deep and extensive root sys- 
tems, correspondingly higher rates of ap- 
plication of the carbamate to the soil are 
required in order to cause inhibition of 
cereals and susceptible dicotyledonous 
species. 

As previously outlined, mitotic aber- 
rations occur in the root and shoot of 
young oat and barley plants after an ex- 
posure to 0-isopropyl N-phenyl carba- 
mate in soil for a very few hours. Cyto- 
logical studies on cereals treated with the 
compound show that the action of the 
carbamate is related primarily to an in- 
terrupted mitotic cycle and to failure of 
cytokinesis in both root and shoot. De- 
pending on the interval or intensity of 
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exposure, abnormal growth or death of 
the cereal plants occurs as a result of the 
early induced cytologicai disturbances. 
Obviously, the mode of action of this 
carbamate is unlike that of the halogen- 
substituted phenoxyacetic acids. 

In spite of the fact that O-isopropyl 
N-phenyl carbamate has not proved to 
be satisfactory as a herbicide for the 
control of weedy grasses, such as the 
deep-rooted perennials, and can improb- 
ably be developed for this purpose, nev- 
ertheless the specificity of action of this 
compound on certain species at the ger- 
mination stage offers considerable en- 
couragement. This carbamate might be 
applied to the soil with impunity at the 
germination stage to control susceptible 
obnoxious plants without causing con- 
current injury to nonsusceptible crop 
species. The demonstrated differential 
response of various crop species to this 
compound suggests that in the develop- 
ment of new herbicidal methods there is 
a need for comprehensive screening of the 
effects of many growth-regulators on 
many different species. 

Cereals with elongated internodes 
(boot stage) failed to produce seed and 
were stunted by applications of the car- 
bamate to the tops alone. Correspond- 
ingly, in the use of this substance, and 
perhaps other similar compounds, for the 
control of established grassy weeds, ap- 
plications to the tops would likely be 
most effective if applied at the jointing 
stage, preferably in a penetrating carrier 
such as a light oil. Use of some oils would 
not be advisable, however, for selectively 
controlling weeds in most dicotyledonous 
crops because of damage to the latter 
plants by the oil. Applications of com- 
pounds similar to this carbamate to tops 
only of grassy weeds before the inter- 
nodes elongate would probably cause 
little systemic effect. 
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Growth-regulating substances have 
been used not only as herbicides but for 
inducing parthenocarpy and rooting of 
cuttings, for delaying fruit abscission, 
and for many other purposes. Little at- 
tention has been given by agronomists to 
their probable usefulness in controlling 
growth of agronomic plants. Certain re- 
sponses induced by some of these com- 
pounds suggest that growth-regulators 
may be useful tools in attacking certain 
vegetational control problems. In pas- 
tures, for example, it is often desirable to 
keep plants in the succulent vegetative 
stage. If the plants reach the flowering 
stage, they become woody and unpalat- 
able. Since, under some circumstances, 
0 -isopropyl N-phenyl carbamate mark- 
edly delays maturity of rice and certain 
dicotyledonous plants, without killing 
them, growth-regulators of this general 
nature may have some usefulness in pre- 
venting fruiting of certain plants, flower- 
ing of which is controlled by specific 
photoperiods, or for delaying maturity 
in certain other species. 

The carbamate causes mitotic aberra- 
tions and an increase in chromosome 
number in certain tissues of root and 
shoot of cereal plants; therefore, the sub- 
stance may offer promise for experimen- 
tally inducing polyploidy or perhaps mu- 
tations in plants. Since chromosomes of 
oats and barley treated with the carba- 
mate become contracted and the mitotic 
cycle is blocked at metaphase, the com- 
pound may find use in counting and 
studying the morphology of chromo- 
somes in certain species. 

Summary 

I. Thirteen monocotyledonous species 
treated with 0 -isopropyl N-phenyl car- 
bamate at the germination stage showed 
similar gross responses to the compound. 
These were characterized by lack of root 


[JUNE 

and shoot elongation, with concurrent 
swelling of these parts. The roots were 
stubby and bulbous, and the coleoptilar 
region was markedly swollen. 

2. Young established cereals treated by 
soil application of the carbamate ceased 
to grow acropetally, and the leaves be- 
came dark green. In contrast to responses 
induced by applications of 2,4~dichloro- 
phenoxyacetic acid, no epinasty oc- 
curred. 

3. Of thirty-nine dicotyledonous spe- 
cies exposed to 0 -isopropyl N-phenyl 
carbamate at the germination stage, fif- 
teen showed some responses to the com- 
pound. Plants of six of these species 
largely recovered from the treatment, 
whereas in nine they were permanently 
inhibited. All the latter species responded 
similarly in that the hypocotyl failed to 
elongate normally and became enlarged. 
The root system was much stunted, and 
in some species, such as buckwheat, 
flax, and morning-glory, only a radicle 
emerged. Most of the species responding 
to the carbamate developed to the two- 
leaf stage, but the cotyledons never fully 
expanded, and the stem apex failed to 
grow. 

4. Applications of the carbamate to the 
tops of oat plants in the boot stage of de- 
velopment resulted in cessation of pan- 
icle growth, whereas similar applications 
at the seedling stage induced no re- 
sponses. The relation of these responses 
to stage of plant development and cer- 
tain implications regarding the use of 
other similar growth-regulators are dis- 
cussed. 

5. Marked abnormal cytological be- 
havior occurred in the roots and shoots 
of oat and barley plants treated with 
0 -isopropyl N-phenyl carbamate. This 
was characterized by an interrupted 
mitotic cycle, blocked metaphases, multi- 
nucleate cells, occurrence of giant nuclei, 


493 



I948J ENNIS— O-ISOPROPYL 

and a highly increased chromosome num- 
ber in certain cells of both root and shoot. 
Cell division ceased in the apical meri- 
stems of root and shoot. Great cell en- 
largement and maturation occurred in 
these cells and in those in the process of 
expansion. 

6. The abnormal cytological behavior 
occurring in the root and shoot of oat and 
barley plants treated with the carbamate 
can be correlated with subsequent sur- 
vival of the plants or with abnormal de- 
velopment. Short-time exposure studies 
revealed that, as the cytological effects 
became more pronounced, the number of 
plants surviving to maturity was mark- 
edly reduced. 


S'-PHENYL CARBAMATE 

7. Possible agronomic apvplications of 
growth-regulators similar to 0-isopropyl 
hsi -phenyl carbamate for vegetational 
control are suggested, as well as the 
probable usefulness of this carbamate in 
genetic and cytological studies of cereals 
and certain grasses. 

I am indebted to Dr. A. G. Norman 
for helpful suggestions during the course 
of the work and in preparation of the 
manuscript. Acknowledgment is also 
due Mr. G. A. Ev.ans and Mr. S. T. 
Atkins, Jr., for aid in photography and 
to Dr. C. E. Minarik for reading the 
manuscript. 
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INITIATION AND DEVELOPMENT OF HYPOCOTY- 
LEDONARY BUDS OF DECAPITATED FLAX' 
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RICHARD M. KLEIN AND GEORGE K. K. LINK 


Introduction 

Literature bearing on the development 
of hypocotyledonary buds of flax after 
decapitation has been reviewed previous- 
ly (2, 3, 5). The effects of indoleacetic 
acid on the different phases of this phe- 
nomenon have been investigated (6), but 
no investigation has been made of it us- 
ing any of the synthetic growth-regula- 
tors. In view of known effects of 2,4-di- 
chlorophenoxyacetic (2,4-D) on growth, 
at was thought that an investigation of 
the influence of this substance on the 
wound-reaction complex leading to the 
formation of new shoots might be of 
some interest and value. 

Literature bearing on the mode, site, 
and time of initiation of such buds in flax 
has been reviewed and extended by 
Link and Eggers (sj. The influence of 
2,4-D in stimulating bud development 
has been noted by Taylor (8). He found 
that 0.04 p.p.m, in nutrient solution, 
with a presentation time of 9 days, stim- 
ulated axillary bud development from 
the cotyledonary node of cowpea and 
that the same concentration stimulated 
rooting from the lower hypocotyl of the 
kidney bean. Complete suppression of 
budding in both species was noted as a 
result of using a 0.6-p.p.m. concentra- 
tion. Van Gverbeek (9) found that 
liquid applications containing 5 and 10 
p.p.m. of 2,4-D, when placed on the api- 
cal buds on several varieties of pineapple, 

^ This work was supported in part by a grant 
from the Dr. Wallace C. and Clara A. Abbott 
Memorial Fund of the University of Chicago. 


induced a 100% response of flower-bud 
formation, while i p.p.m. induced no 
change. It is significant that similar con- 
centrations of naphthaleneacetic acid 
were as effective as those of 2,4-D. 

Material and methods 

In all experiments a single lot of Bison 
variety of flax (1946 planting) was used. 
(Seed more than 2-3 years old does not 
give maximum germination, and the 
plants tend to be spindly.) The work was 
carried on from July through October, 

1946, and from March through October, 

1947, in the greenhouses of the Univer- 
sity of Chicago and in a basement room 
under fluorescent lights. Details of the 
latter room are given later. Moderate 
temperature and high humidity appear 
to be optimal for seedling development, 
but neither could be maintained in the 
greenhouse. By trial it was found that 
4- to 6-inch unglazed clay pots were more 
satisfactory containers for growing the 
plants than were the glazed earthenware 
pots originally used. 

In preliminary studies in 1946, plants 
in soil showed a very high percentage of 
kill after decapitation. For this reason, 
all subsequent studies were made with 
no. 3 white quartz sand as a substrate, 
sifted after each experiment to remove 
roots and other debris. 

Because plants in early experiments 
were lost after decapitation through 
fungal-induced damping off {Fusarium 
spp.), the seed in subsequent plantings 
were treated for at least 24 hours with a 
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^'New Improved” Ceresan dust. The 
pots were watered with tap water until 
seedling emergence, and then with the 
complete nutrient of Eggers (3) without 
adjustment of the pH. This was supple- 
mented with soluble iron phosphate once 
a week in the proportion advocated by 
Helgeson et al. (4). No additional water 
was supplied. 

Sprouting was usually complete with- 
in 3--5 days after sowing, and the seed- 
lings were thinned to twenty-six to twen- 
ty-eight plants per pot. When the coty- 
ledons were expanded and the epicotyl 
had begun to elongate (3-7 days after 
sprouting), the hypocotyl was cut at 
right angles to the axis just below the 
cotyledonary node. Twenty-five plants 
in each pot were so treated. One or more 
uninjured plants were left in each pot as 
a check on substrate and microclimatic 
conditions. These uninjured plants indi- 
cated an absence of gross environmental 
differences among the pots in individual 
experiments. 

Mixtures of 2,4-D in lanolin or in 
Carbowax 1500, and in a range of con- 
centrations, were applied to the decapi- 
tated stumps of the plants immediately 
after cutting. Two inocula were used: a 
large inoculum consisted of capping the 
cut surface of the hypocotyl with ap- 
proximately o.oi ml. of the paste; the 
small inoculum was about one-half as 
large. Sometimes it was necessary to re- 
move the guttation fluid with filter pa- 
per before capping. The same number of 
decapitated untreated and carrier-treat- 
ed plants were used as controls. 

Examinations for detectable buds were 
made with a 2 X hand lens at periods up 
to 18 days after application. This time 
limit was arbitrarily chosen, since one 
shoot usually attains dominance in that 
time (5) , and the further development of 
additional buds is repressed. 


Specimens for microscopical examina- 
tion were fixed and stained by the meth- 
od used by Link and Eggers (5). 

Observations 

Eefect oe Carbowax.— O ne of the 
most striking results w^as the finding that 
the decapitated hypocotyl invariably 
died when Carbowax 1 500 was applied to 
it either alone or as the carrier of 2,4-D, 
irrespective of the concentration of the 
acid. Neither this carrier alone nor the 
acid in it was toxic when applied to in- 
tact seedlings. 

The sequence of necrobiotic change in 
the cut treated hypocotyl was as follows: 
Within 24 hours after application of ei- 
ther Carbowax alone or as a carrier for 
2,4-D, there was a noticeable decrease in 
the turgidity of the cut treated hypocotyl 
as compared with either uncut Carbo- 
wax-treated or cut untreated plants. The 
upper 1-2 mm. were completely whit- 
ened by the end of this period. Freehand 
or frozen sections showed that, although 
the tissues outside the pith appeared es- 
sentially normal, there was plasmolysis 
and shrinking of the pith tissue. The 
whitened areas showed no chlorophyll, 
but the plastid “ghosts” were seen in 
normal position. Forty-eight and 72 
hours after application of Carbowax 
there was complete collapse of all tissues, 
with whitening almost to the soil level; 
the dried, whitened hypocotyls could not 
be sectioned by either freehand or paraf- 
fin methods. When Carbowax 1500 was 
placed alone on the uninjured hypocotyl, 
epicotyl, or cotyledons, the plant devel- 
oped normally. 

In a critical study of the toxicity of 
carriers, Withrow and Howlett (ii) 
found that Carbowax was very toxic to 
tomato leaf and flower tissue. Beal (i) 
compared Carbowax and lanolin as car- 
riers of phenoxy compounds and stated 
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that the effectiveness of the carrier de- 
pended on the growth-regulator em- 
ployed. He noted, however, that with few 
exceptions there were heightened re- 
sponses when Carbowax was the carrier. 
Because of the toxicity of this carrier, 
particularly in plants that may have an 
altered disposition (i.e., injured plants) 
to chemical influence, some of the effects 
attributed to growth-regulators in other 
studies may have resulted from the car- 
rier. Thus the type of carrier employed, 
in combination with the physiological 
state of the organism, undoubtedly is an 
important factor in the response. In any 
case a great deal of careful work is needed 
to determine both the mode of entrance 
of such substances as Carbowax and 
their effects on plant metabolism. 

Ei'PECT of 2,4-D. — In experiment I, 
single large applications of nineteen con- 
centrations of 2,4-D in lanolin, ranging 
from 0,001 to looo p.p.m., were made to 
decapitated flax hypocotyls immediately 
after cutting. Replicates of a hundred 
plants were used, and equal numbers of 
decapitated untreated and lanolin-treat- 
ed plants were employed as controls. 

Within 24-48 hours after application 
the four highest concentrations of the 
acid (125, 250, 500, and 1000 p.p.m.) had 
induced chlorosis or blanching at the cut 
end, extending i cm. from the cut in the 
looo-p.p.m. lot to less than 0.5 cm. in the 
i2S-p.p.m. group.^" There was no attend- 
ant loss of turgidity within 48 hours, but 
within 13 days after application the 
looo-p.p.m. lot had lost turgidity and 
appeared to be undergoing necrobiotic 
change. Downward curvature and twist- 
ing of the hypocotyls occurred on the 
second day after application in the plants 
treated with 75 to 1000 p.p.m., in degrees 
of severity roughly proportional to the 

2 Similar chlorotic changes were noted with the 
use of high concentrations of inddeacetic acid (6). 


concentration of the acid. This twisting 
lasted until the ninth to thirteenth day 
after application. At that time recovery 
was complete in all lots except those 
treated with the two highest concentra- 
tions. 

In experiment I hypocotyledonary 
buds were evident in both control lots on 
the sixth day after application. By the 
ninth day, pots treated with all except 
the five highest concentrations of 2,4-D 
had budded plants, but the lot treated 
with the highest concentration (1000 
p.p.m.) showed no buds even on the 
twenty-first day. The number of buds in- 
creased at a fairly regular rate for any 
particular concentration. A summary of 
the survival and bud counts on the 
eighteenth day is given in table i . 

To determine the accuracy of these 
findings, experiment II, was performed. 
The small inoculum of lanolin paste 
(0.005 ml./plant) was used since the 
large inoculum, used in experiment I, 
was difficult to standardize. Although no 
marked differences in survival were noted 
between experiments I and II, and the 
gross effects were similar, it was evident 
that the plants in experiment II were 
less sensitive to 2,4-D, for bud counts 
were greater than in experiment I 
(table i). 

Because it was found in experiment II 
that a concentration of 1000 p.p.m. did 
not completely suppress budding— in con- 
trast to the results in experiment T— 
concentrations of 2000 and 4000 p.p.m. 
as small inocula were used in addition in 
experiment III. In general, results were 
not sufficiently different from those of 
the previous experiments to warrant dis- 
cussion. Concentrations of 2000 and 4000 
p.p.m. were fatal within 3 days after ap- 
plication. 

Since the difference in the amount of 
lanolin paste applied per plant and dif- 
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ferences in environment might have been cut hypocotyls was 450 foot-candles, 
factors accounting for the dissimilarity Following the lead of Robinson (7), who 
in results of experiments I, II, and III, found that 13-15 hours of light per day 
large and small inocula were used on permitted normal development of flax, 
simultaneous plantings in experiment IV. the plants were exposed to a photoperiod 
As a further check, a similar planting was of 14 hours. In no instance, however, was 


TABLE 1 

Counts on eighteenth day .\fter application of 2 , 4 -D in lanolin to 

DECAPITATED FLAX. REPLICATES OF loo PLANTS 


1 2,4-D (P.P.M.) 


Number c 

Alive 

F PIANTS 

With buds 

i 

j 

Average number 

BUDS PER PLANT 

WITH BUDS 

E-Yperiment 

Experiment 

Experiment 

1 

I 

11 III 

I 

11 

III 

I 

11 

Hi 

4000 


0 


0 




j 2000 


0 


0 




1000 

87 

82 67 

0 

10* 

12* 

0 

1.4 

0 

1 . 9 

1 500 

95 

gg 82 

r 

25 

18 

0 

^ -5 

1.6 

i 250 

99 

100 96 

0 

82 

60 

0 

i ‘9 

2.4 

12s; 

100 

TOO . . 

17 

QI 



I S 


I ^ 

/ 75 

100 

100 

25 

95 


1.6 

2.1 


1 SO 

100 

100 

44 

97 


2.5 

2. 1 


2*?. 

100 

100 

57 

91 


T 6 



1 10 

100 

99 • 

50 

91 


2-3 

2. 1 


5 

100 

100 

58 

96 


2.5 

1-9 


I 

100 

99 

51 

90 


2-3 

2.3 


0.500 

100 

98 

59 

88 



18 


0.250 

100 

90 

75 

82 


3.1 

2.1 


0.125 

100 

100 99 

74 

91 

99 

2.5 

2.0 

4.4 

0.075 

100 

100 

76 

88 


2.8 

2 , X 


0.050 

100 

99 

84 

93 


2.8 

2.0 


0.025 

100 

100 

69 

96 


3-1 ! 

■ . 2.5 


0.010 

100 

100 

83 

95 


2.4 1 

2.5 


0.005 

99 

96 ■ 

79 

91 


.,2 ..7 i 

^ 2.5 


0 . 001 

99 

86 

82 

83 


3-6 i 

2.8 1 


Lanolin only. . . 

99 

99 99 

87 

95 

97 

3-3 i 

30 

3*6 

Cut only ...... 

98 

100 98 

87 

94 

98 

4.8 

4.2 

4-4 


* Buds in lower portion of hypocotyl only. 


grown in the greenhouse until the time of 
application and then transferred to a 
basement room. The temperature in this 
room was stable at 23 ± 3^ G., and the 
relative humidity was 60-70% during 
the 18-day test period. Illumination was 
provided by nine 36--inch white fluores- 
cent tubes suspended in three reflectors 
about 15 inches above the substrate 
level Light intensity at the level of the 


growth in the basement room as good as , ^ 

in the greenhouse. The uncut plants in f 

the basement were about two-thirds as 
tall as those in the greenhouse, had a i 

tendency to topple, and their leaves were 
smaller. In the basement the leaves and 
stems became progressively lighter until, ? ■ 

at the end of the experiment, they were " ; 

a light yellowish-green. ' 1 

The results of experiment IV are sum- 
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marized in table 2. As evidenced by the 
bud counts of plants grown under con- 
trolled conditions of light and tempera- 
ture, the differences between the effects 
of large and small inocula are not suffi- 
cient for size of inocula to be considered 
as an important factor in the differences 
noted between the results of experiments 
I and 11 . Plants under lights were not so 
vigorous as those in the greenhouse, as 


periments III and IV (August, 1947) 
when the greenhouse temperatures 
reached 40^-42° C., just below the melt- 
ing-point of lanolin. Although the small 
inoculum merely capped the hypocotyl 
and did not run, the large inoculum ran 
freely over one-half of the stump. 

Although it has been assumed (10) 
that the concentration of a growth sub- 
stance so applied, rather than the quan- 


TABLE 2 

COUNTS ON EIGHTEENTH DAY AFTER APPLICATION OF LARGE AND SMALL INOCULA OF 
2,4-D in lanolin TO DECAPITATED FLAX, UNDER ARTIFICIAL LIGHT AND IN 
GREENHOUSE. REPLICATES OF 50 PLANTS 


,4-D (p.p.m.) 


4000 

2000. ....... 

1000 

Soo- 

250 

0.125 

Lanolin only . 


Artificial Light 

Large inocula 

Small inocula 

Plants Total 

Plants Total 

Alive with no 

Alive with no. 

buds buds 

buds buds 

o 

o 

o 

0 0 0 

O 

o 

o 

0 0 0 

4 0 o 

16 0 0 

13 I I 

42 3 4 

0 

0 

OJ 

46 10 14 

43 39 100 

49 48 126 

38 32 70 

46 35 65 


48 47 125 


Large inocula 


Plants Total 


buds buds 


Small inocula 


Plants Total 
Alive with no. 


buds buds 


* Buds in lower portion of hypocotyl only. 






evidenced by bud counts in the un- 
treated and lanolin-treated decapitated 
controls. The differences between these 
two latter series have been shown to be 
statistically insignificant (6). 

In the greenhouse trials, however, the 
possibility still existed that the differ- 
ences in the responses of plants treated 
with small and large inocula might be 
significant. This necessitated further 
study in order to determine the relative 
importance of the size of the inoculum. 

The lanolin paste had a tendency to 
run down the hypocotyl in hot weather. 
This was particularly marked during ex- 




tity, will partially determine the degree 
of response, we may proceed on the hy- 
pothesis that the area of plant surface 
available for entrance of the substance 
(designated as “presentation area”) is a 
factor governing the degree of response. 
It would then appear that running of the 
lanolin paste increased the presentation 
area and was the factor responsible in 
experiment IV for the greater inhibition 
of budding noted in the greenhouse in 
plants treated with the large inoculum, 
rather than initial application of a large 
inoculum. Experiments designed to test 
this hypothesis are now being conducted. 
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Tentatively, it is assumed that the dif- 
ferences noted among the experiments 
here reported, relative to survival, bud 
initiation, and development in any par- 
ticular concentration range, resulted 
from differences in the physiological 
states of the plants in the different ex- 
periments as influenced by external and 
internal environmental factors. 

Longitudinal serial sections were made 
to determine, in the totally grossly in- 
hibited material in experiment IV, 
whether bud primordium initiation was 
inhibited or "whether primordium devel- 
opment was prevented. Since Link and 
E GOERS (5) had reported that nonde- 
capitated hypocotyls bear bud primordia 
in the lower one-half to two-thirds of 
their length, randomized hypocotyls 
were fixed at the start of the experiment 
and sectioned to determine the longitu- 
dinal extent of initial primordia. With 
this information, surviving plants treat- 
ed with 1000 p.p.m. of 2,4-D in lanolin 
were selected from both the greenhouse 
and the basement lots and sectioned to 
determine whether primordia other than 
those initially present had been formed. 

In the pretreatment seedling stage, 
buds were present only in the lower half 
of the unwounded hypocotyl, confirming 
the findings of Link and Eggers (5). 
Examinations of the treated material 
showed that there was no development 
of bud primordia initially present in the 
lower half of hypocotyls treated with 
either large or small inocula. Likewise, no 
bud primordia were found in the upper 
half of treated hypocotyls. Since all buds 
and shoots observed in the material 
treated with 1000 p.p.m. were found in 
the lower portion of the hypocotyls 
(table i), it can be concluded that high 
concentrations of 2,4-D prevent the ini- 
tiation of buds and repress development 
of any such buds initially present. This 


repression is usually complete, but oc- 
casionally a bud primordium develops 
into a shoot. 

Discussion 

A comparison of these experinieiital 
results with those of Link and Eggers 
(6) shows that the gross and microscopic 
effects of 2,4-D and indoleacetic acid, on 
flax are very similar. With neither sub- 
stance was there any noticeab,le stimula- 
tion of bud fo,rmation, and suppression of 
bud initiation and/or development fol- 
lowed the same pattern. Even micro- 
scopic findings with regard to inhibition 
of bud initiation and development are 
transposable for the two substances. In- 
verse relations between the concentra- 
tion of the growth substance and the 
number of buds produced were found for 
both compounds, as were such effects as 
blanching and necrobiosis of plants 
treated with the higher concentrations. 

2,4-D was effective, however, in lower 
concentrations than indoleacetic acid. 

Whether there is any corollary between 
the effects noted in these studies and the 
mode of action of these very different 
compounds is beyond the scope of this 
investigation. The work of van Over- 
BEEK (9) would indicate that in pine- 
apple, also, there is this type of gross 
similarity of action between substituted 
phenoxy compounds (2,4-D and some of 
its salts) and compounds (naphthelene- 
acetic acid and some of its salts) more 
closely approaching those, such as in- , 
doleacetic acid, naturally found in y 
; plants. ■■ 

Link and Eggers (6) indicated that 
the metabolic and nutritive status of a / ‘ 
plant is a factor in determining the ef- 
fectiveness of indoleacetic acid, in af- r-; 
fecting bud formation and development. * 1 
The initial physiological state is equally 
important with respect to the response ? 
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to 2,4"D. Because of variation in physio- 
logical states, the data obtained from 
any one experiment are not directly com- 
parable with those of another, and each 
experiment must be evaluated individu- 
ally. 

The variation in bud production in 
any concentration range, pot, or even 
from plant to plant, reduces the effective- 
ness of a statistical study, such as that 
used by Link and Eggers (6), in deter- 
mining the relative importance of such 
findings as (a) time after treatment of the 
appearance of the first bud, (b) number 
of plants with buds, and (c) number of 
buds per plant. The gradation from com- 
plete bud inhibition, and/ or death of the 
plant, to complete freedom from in- 
hibitory and suppressing effects is so 
subtle that it, too, could not be critically 
evaluated under the experimental condi- 
tions available. 

Summary 

1. 2,4-Dichlorophenoxyacetic acid in 
lanolin paste was applied to the stumps 
of decapitated flax. Its effects on devel- 
opment of hypocotyledonary buds was 
investigated. 

2. There was an inverse relation be- 
tween the concentration of the acid in the 
lanolin paste applied to the wound and 
the number of buds formed. Concentra- 
tions above 75 p.p.m. were noticeably 
toxic and inhibitory, while those below 
0.5 p.p.m. and down to 0.001 p.p.m. in- 
duced slight, if any, inhibition. There 
was no demonstrable stimulation of bud 


formation with any of the concentrations 
used. 

3. In plants in which 2,4-D induced 
complete inhibition of grossly visible 
buds, the initiation of bud primordia in 
the upper portion of the hypocotyl was 
also completely inhibited. Although buds 
present in the lower portion of the hypo- 
cotyl at the time of application were 
usually inhibited, occasionally one or 
more of them did develop, indicating 
suppression rather than complete in- 
hibition. 

4. The gross and microscopic findings 
pertaining to these phenomena are simi- 
lar for both 2,4-D and indoleacetic acid, 
although the concentration of 2,4-D nec- 
essary to induce any particular syndrome 
was less than that required of indole- 
acetic acid. 

5. The physiological state of the treat- 
ed plants is an important factor in de- 
termining response (as measured by sur- 
vival and bud counts) to any particular 
concentration of 2,4-D. 

6. It is postulated that the surface area 
available for entrance of a growth-regu- 
lating substance (designated as '^presen- 
tation area”) is a factor in determining 
the degree of response to that substance. 

7. Carbowax 1500 was invariably fatal 
to the decapitated hypocotyl, inducing 
whitening and dessication of the tissues; 
it was not grossly harmful to unwounded 
flax organs. 

Department OF Botany 
University OF Chicago 
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EFFECTS OF SEVERAL PLANT GROWTH-REGULATORS ON FRUIT SET, 
YIELD, AND BLOSSOM-END ROT OF SIX TOMATO VARI- 
ETIES GROWN UNDER HIGH TEMPERATURES^ 


WENDELL R. MULLISON 

Introduction 

The problem of flower abscission is one 
which may arise when tomatoes are 
grown in areas where the night tempera- 
tures are high (6, 7, 8). Abscission occurs, 
in our experience, when the mean mini- 
mum night temperature does not fall be- 
low 78^ F. and the minimum day tem- 
perature is 83° F., rising to 90® F. or 
above. The plants make excellent vege- 
tative growth under such conditions but 
set few fruits. Those which do form 
usually fail to enlarge properly. The 
numbers of fruits which set and the ex- 
tent to which they enlarge vary consid- 
erably with the variety. In fact, much 
can be done toward the production of 
marketable fruits under such conditions 
by the choice of proper varieties. 

The present work was done at Cura- 
sao, a tropical island in the Dutch West 
Indies. Here the problem of flower ab- 

^This work was done in the summer of 1946 
while the authors were employed by the Curacaosche 
Petroleum Industrie Maatschappij (Dutch Shell 
Oil Co.) at Curasao, Netherlands West Indies. 
Thanks are due the management of C.P.I.M., 
Director A. Trgost in particular, for permission 
to publish these results. 
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scission of tomatoes was encountered 
during the hot seasons. Several plant 
growth-regulators were tested to deter- 
mine whether they could be of use in 
solving this problem. This was also 
thought to be an interesting study be- 
cause of conflicting results which had 
been obtained in their use in the field and 
under greenhouse conditions. 

In a preliminary experiment using two 
tomato varieties, Pearson and Pritchard, 
and five growth-regulators— indolebutyr- 
ic acid, beta-naphthoxyacetic acid, para- 
chlorophenoxyacetic acid, 2,4-dichloro- 
phenoxyacetic acid (2,4-D), and alpha 
(ortho-chlorophenoxy) propionic acid"* — 
it was found that some of the treated 
plants produced over twice the yield ob- 
tained from the untreated controls. Re- 
sponse to indolebutyric acid was least, 
and, although the plants treated with it 
yielded more than the controls, it was 
not used in the later work, as space was 
limited. Since the two varieties gave dif- 
ferent results, a number of varieties were 
grown in later tests. 

* This chemical was furnished through the 
courtesy of Plant Products Co., Eatondale Avenue, 
Blue Point, N.Y. 
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Material and methods 

The responses of six varieties of toma- 
to to four growth-regulators were studied 
with respect to amount of early yield, 
fruit size and quality, and occurrence of 
blossom-end rot. Three varieties were of 
the indeterminate t3q)e of growth: 
Indiana Baltimore, Michigan State Forc- 
ing, and Pan America; the other three 
were determinate: Pearson, Pritchard, 
and Victor. Seeds were planted on May 
20, 1946, in flats filled with sand, and 
seedlings were transplanted, when about 
5 inches high, into the experimental beds 
on June 20. Eight plants of each variety 
were used in each of five treatments, in- 
cluding the controls. The indeterminate 
plants were staked and pruned to one 
stem; the determinate ones were neither 
staked nor pruned. All were grown in 
full sun. 

A gravel-culture technique was used. 
The beds, each 8X3 feet in area and 7 
inches deep, were flooded automatically 
four times daily with a nutrient solution 
which had been developed to give good 
results under tropical conditions. The 
water used in making the nutrient solu- 
tion contained 300-400 p.p.m. of chlo- 
ride, but as the plants used water, the 
chloride concentration increased to 1000 
p.p.m. Previous experience indicated 
that the use of chloride concentrations 
of the latter magnitude tended to result 
in small fruits and greater incidence of 
blossom-end rot. This partially explains 
the high values for these items shown in 
the data for the controls. 

The four growth-regulators were made 
up in aqueous solution in the following 
concentrations: 


Para-chlorophenoxyacetic add ..... 75 mg./l. 

2,4-DiGhlorophenoxyacetic add. ... 10 mg./l. 

Beta-naphthoxyacetic add .... 100 mg./l. 

Alpha (ortho-chlorophenoxy) pro- 
pionic acid 100 mg./l. 


In preparing these solutions, the com- 
pounds were first dissolved in 5 ml. of 
denatured 95% ethyl alcohol; then water 
was added to make a liter. The concen- 
trations used were chosen after consult- 
ing pertinent literature (i, 2, 3, 5, 9, 10). 

A DeVilbiss atomizer, no. 261, was 
used to apply the spray to the flowers. 
The beds were examined every second 
day, and the flowers were sprayed once 
when fully opened. 

Results 

Data on yield and blossom-end rot 
were recorded. Harvest data were based 
on the yield from August 28, 1946, 
through September 25, 1946, a period of 
28 days. The results are summarized in 
table I. 

Almost all the fruits produced after 
applications of the chemicals were of 
marketable quality. Some leaf modifica- 
tion was brought about by 2,4-D, para- 
chlorophenoxyacetic acid, and beta- 
naphthoxyacetic acid. However, even 
with leaf modification, the early fruit 
yield was apparently not impaired. 

Measurements of the rate of enlarge- 
ment of fruit which developed from 
blossoms sprayed with the growth-regu- 
lators were made. The data showed that 
the rate of enlargement, particularly in 
the early stages of fruit development, 
was much faster in treated fruits than in 
untreated controls. 

The various treatments brought about 
the favorable effects generally of in- 
creased fruit size and increased yield. 
Para-chlorophenoxyacetic acid and beta- 
naphthoxyacetic acid, however, induced 
particularly outstanding results. With 
most varieties the former was more effec- 
tive, but with others the latter was bet- 
ter. 2,4-D and alpha (ortho-chloro- 
phenoxy) propionic acid induced only 
slightly better results in treated plants 
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than were obtained in untreated con- 
trols. 

There were widespread differences 
among the varieties in response to the 
treatments. In general, the size of the 
determinate fruits was not increased so 
much as that of the indeterminates in re- 
sponse to the growth-regulators. The in- 
crease in size of treated fruit from in- 
determinate plants was so marked as to 
result in marketable fruits in many cases 
as against fruit too small to market from 
the control plants. 

In general, the indeterminate varieties 
responded more to treatment than the 
determinate ones with respect to total 
yield, although in each type the total 
yield of treated plants was greater than 
in the controls. Among the indetermi- 
nates, increases in yield of as much as 
three times that of the controls were in- 
duced in certain cases by para-chloro- 
phenoxyacetic acid. 

There was no consistent over-all cor- 
relation between the various treatments 
and the occurrence of blossom-end rot. 
With some varieties (e.g., Indiana Balti- 
more) the treatments lessened the inci- 
dence of the disease. Yet with Victor 
there was just as definite a trend in the 
opposite direction. In general, however, 
the incidence of blossom-end rot seemed 
to be reduced by the application of 
growth-regulators among the indeter- 
minate varieties and increased among the 
determinate varieties. There is one promi- 
nent exception to this statement: Pear- 
son, a determinate type, had its incidence 
of the disease greatly lessened by the 
treatments. 

Discussion 

The effects of high constant tempera- 
ture noted here correspond well with the 
results of Went’s studies (6, 7, 8) on 
tomato growth under controlled envi- 
ronmental conditions. He found that 


fruit production in the tomato required 
a night temperature below 25° C. The 
authors independently came to the same 
conclusion from field studies. Night tem- 
perature seems to be a limiting factor in 
commercial tomato-fruit production. A 
temperature either too high or too low 
prevents fruit set and development. 

The data indicate that there is some 
causal factor in the occurrence of blos- 
som-end rot other than an excess or defi- 
cient water supply; the latter is usually 
first mentioned as its cause. Lyon et al. 
(4) mentioned other factors which have 
been correlated with the incidence of 
this disease. In the work reported here 
many such factors were kept as constant 
as was practical, particularly the water- 
ing, mineral nutrition, osmotic concen- 
tration of the nutrient solution, and the 
insecticidal and fungicidal spray pro- 
gra,m. The data, however, show a very 
striking correlation between the inci- 
dence of blossom-end rot in particular 
varieties and the application of certain 
growth-regulators. That there are great 
differences among tomato varieties in 
their susceptibility to blossom-end rot is 
well known. Perhaps the varietal differ- 
ences with relation to this phenomenon 
are correlated with hormonal mecha- 
nisms. 

It should be remembered that the beds 
were sprayed every second day. This was 
too often. The work was done in a com- 
mercial fashion, no attempt being made 
to shield the remainder of the plant from 
the spray. Thus, there were leaf modifi- 
cations brought about by certain treat- 
ments. In preliminary experiments in 
which the flowers were sprayed only twice 
a week, no leaf modification was noted, 
even when 2,4-D was used. In these pre- 
liminary experiments all the tomato 
fruits were cut open and examined for 
unfilled cavities and uneven ripening. A 
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few had cavities, but very few had green 
spots in the ripe fruit. This was also true 
in the main experiment, so that after sev- 
eral random samplings all subsequent 
fruit harvested was marketed. It is inter- 
esting that practically no malformed 
fruit developed when the growth-regula- 
tors were applied in a spray. 

Under these conditions, which were 
unfavorable for the setting of fruit on 
tomato plants, the use of growth-regula- 
tors did bring about an increase in size 
and yield. Whether growth-regulators 
would induce such results under field 
conditions favorable for fruit set has not 
been finally determined. It would seem, 
however, that the use of certain chemi- 
cals to bring about the setting of fruit in 
the field might be commercially practical 
under climatic conditions similar to those 
described here. There are also localities 
in the United States where the first flow- 
er cluster often abscises owing to cold, 
cloudy weather; the use of growth-regu- 
lators might change this condition. This 
would be particularly desirable in ob- 
taining a good set on the first and second 
flower clusters for early yield of tomatoes 
grown on truck fanns in such areas. 
Since growth-regulators induce an in- 
crease in tomato fruit set under condi- 
tions of high temperature which are un- 
favorable for normal fruit production, it 
would seem quite likely that they could 
do the same thing under conditions of 
low temperature which are unfavorable 
for fruit set. 

Summary 

I. Under conditions of high night tem- 
perature many tomato flowers normally 
failed to set fruit. When flowers were 
sprayed with certain growth-regulators 
— para-chlorophenoxyacetic acid, beta- 
naphthoxyacetic acid, 2,4-dichlorophe- 
noxyacetic acid (2,4-D), and alpha (or- 


tho-chlorophenoxy) propionic acid—a 
higher total yield and larger fruit size 
were obtained than were produced by 
controls. Results in certain cases were 
very striking. 

2. There was great varietal variation 
in response to the treatments with re- 
spect to fruit size, total yield, and inci- 
dence of blossom-end rot. In general, the 
indeterminate tomatoes seemed to be 
more responsive to the treatments than 
the determinates, both with respect to 
increases in fruit size as well as in total 
yields. 

3. Considering all varieties together, 
no consistent correlation was found be- 
tween application of growth-regulators 
and incidence of blossom-end rot. Con- 
sidering individual varieties, however, 
there was a marked correlation, enough 
to suggest the possibility that hormonal 
mechanisms may be involved with this 
phenomenon. Growth-regulators affected 
the incidence of blossom-end rot both 
positively and negatively, depending on 
the tomato variety and the chemical 
used. 

4. Para-chlorophenoxyacetic acid 
brought about, in general, the best fruit 
set and subsequent fruit development, 
with beta-naphthoxyacetic add second. 
With several varieties, however, the lat- 
ter was the more effective. The third 
most effective was 2,4-D, this being bet- 
ter than alpha (ortho-chlorophenoxy) 
propionic acid; the plants treated with 
the latter compound yielded slightly 
more than the controls. ' 

5. Of the tomato varieties studied, 
whether the plants were treated or not, 
the determinate type was superior to the 
indeterminate for fruit production during 
the tropical hot season. 

BiochemicakReseauch Laboratory 
Dow Ghemical Company 
M roEAND, Michigan 
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INFLUENCE OF TOXIC CONCENTRATIONS OF MICRO-NUTRIENT 
ELEMENTS IN THE NUTRIENT MEDIUM ON VITAMIN 
CONTENT OF TURNIPS AND TOMATOES^ 



C. B. LYON" AND KENNETH C. BEESON 


Introduction 

During recent years extensive experi- 
ments have been conducted at this labo- 
ratory to measure the influence of miner- 
al nutrition on the vitamin content of 
various plants. Hamner et al. (2, 8, 12) 
have shown that large variations in rela- 
tive concentrations of calcium, potas- 
sium, magnesium, nitrate nitrogen, sul- 
fate, and phosphate in the nutrient medi- 
um do not result in any marked changes 
in the ascorbic acid or carotene content 
of either turnip greens or tomatoes, al- 
though the treatments ranged from defi- 
cient to toxic concentrations of the 


^ Contribution from the U.S. Plant, Boil, and 
Nutrition Laboratory, Agricultural Research Ad- 
ministration, U.S. Department of Agriculture, 
Ithaca, N.Y. ' # 


^ Present address : Hawaiian Pineapple Company. 
Honolulu, T.H, 


macro-nutrient elements and were as- 
sociated with marked differences in the 
growth of both plants. Although Lyon 
et al. (22, 23, 24) found iron-deficient 
tomatoes to contain 26.1 + 0.55 mg. of 
ascorbic acid per 100 gm. fresh weight of 
fruit as compared with a value of 
20.0+0.46 for controls, severe deficien- 
cies of manganese, zinc, copper, boron, 
or iron supply were not, in general, as- 
sociated with variations in ascorbic acid, 
riboflavin, or provitamin A content. In 
these and other experiments (ii, 14) the 
influence of mineral nutrition was con- 
siderably less than that of certain other 
environmental factors (particularly one 
or more aspects of climate) in determin- 
ing vitamin content. 

It is the purpose of this paper to eval- 
uate the influence of relatively high con- 
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centrations of micro-nutrieiit elements in 
the nutrient medium on the vitamin con- 
tent of turnip greens and tomatoes. The 
growth and development of turnips and 
tomatoes in sand culture were measured, 
and thiamine, niacin, riboflavin, and 
ascorbic acid contents were determined. 

Material and methods 

The basal nutrient solution used in 
these experiments was that shown by 
Bernstein et aL (2) to be optimal for 
growth of turnip greens and by Hamner 
et al. (12) to be near-optimal for growth 
of tomatoes. It had the following compo- 
sition in terms of milli-equivalents of 
macro-nutrient elements per liter: cal- 
cium, 12.0; potassium, 4.5; magnesium, 
9.0; nitrate, 17.5; phosphate, 2.8; and 
sulfate, 5,7. It also contained the follow- 
ing concentrations of micro-nutrient ele- 
ments in terms of parts per million: B as 
H3BO3, 0.5; Mn as MnCh, 0.5; Zn as 
ZnS04, 0.05; Cu as CUSO4, 0,02; Fe as 
FeC6Hs07, 5.0; and Mo as (NH4)2Mo04, 
0.05. 

Several preliminary experiments were 
conducted in the fall of 1942 and the 
spring of 1943 to determine the maxi- 
mum concentration of each micro-nutri- 
ent element that could be used without 
completely inhibiting growth. Although 
the results of preliminary investigations 
are not reported in detail, the following 
concentrations (in p.p.m.) of the various 
micro-nutrient elements were indicated 
as approximately maximum for our pur- 
poses for both plants: Mn, 100; Zn, 100; 
B, 60; Mo, 100; Cu, 50. Iron treatments 
were exceptional in that no toxicity 
symptoms were evidenced by either 
plant when supplied with 150 p.p*^* 
iron in the nutrient medium. Precipita- 
tion of iron occurred in the nutrient when 
iron concentrations in excess of 150 
p.p.m. were used. Thirty treatments in- 


volving five different concentrations of 
each element were then used in the more 
extensive investigations on both plants. 

The design of the experiment was that 
of a randomized block (9). Each replica- 
tion consisted of two adjacent crocks, 
and each treatment was randomized 
within a block by the use of Tippett’s 
randomization tables (34). Thus, the 
mean of ten plants is used as an estima- 
tion of the results produced by a given 
treatment. 

In the first experiment, seed of the 
Shogoin variety of turnips were planted 
in the greenhouse on May 15, 1943, in 
flats containing pure quartz sand. A com- 
plete nutrient solution (12) was used dur- 
ing germination and the seedling stage. 
On June 4, when the plants were 20 days 
old and approximately 3 inches tall, uni- 
form seedlings were transplanted out- 
doors into 2-gallon glazed crocks con- 
taining pure quartz sand, one seedling 
per crock. They were watered-in with 
distilled water and immediately supplied 
with their respective nutrient treat- 
ments. The crocks were alternately 
flushed with distilled water and supplied 
with their respective nutrient treatments 
on successive days. 

Beginning on June 30, one complete 
block (one replicate of each of thirty 
treatments) was harvested per day for 
ease of accomplishing vitamin analyses. 
Thus, replicate differences are confound- 
ed with time of harvest. Data for the 
number of leaves, total length of leaves, 
and total fresh weight of tops were re- 
corded for each plant. The longest fully 
expanded leaf from each plant was used 
for analyses of ascorbic acid and ribo- 
flavin. The midrib was removed, and one 
half of the leaf was immediately extract- 
ed for ascorbic acid analysis, the remain- 
ing half being extracted in the fresh con- 
dition for riboflavin analysis. The second 
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longest fully expanded leaf was dried at 
65° C. for 4 days in a forced-draft oven, 
the dry weight recorded, and samples 
taken for niacin, thiamine, and selected 
mineral analyses. The root systems were 
washed as free from sand as possible, 
dried, and separated from sand particles 
by pulverizing the dried material with 
adhering sand and separating these com- 
ponents by a current of air. 

In the tomato experiment, seed of an 
inbred strain of the Bonny Best variety 
was planted in flats in the greenhouse on 
May 15, 1943. The plants were supplied 
with basal nutrient solution during ger- 
mination and the seedling stage. On June 
12, when they were approximately 3 
inches tall, uniform seedlings were trans- 
planted into 2-gaIlon glazed crocks con- 
taining pure quartz sand, one seedling 
per crock. They were watered-in with 
distilled water and immediately supplied 
with their respective nutrient treat- 
ments. At this time all plants were placed 
outdoors and were trained upright. All 
axillary growth was pruned off twice 
weekly. The fruits were harvested on 
August 26 and 27, all copper treatments, 
for instance, being harvested on one day. 
Thus, in this experiment, replicate differ- 
ences are not confounded with time of 
harvest. 

The first four fruits to mature on each 
plant were analyzed for ascorbic acid 
content. In general, the first fruits from 
the various plants, regardless of treat- 
ment, tended to mature at the same time 
as did also successive fruits. Thus, by 
grouping results of ascorbic acid analyses 
on the first fruits per plant and compar- 
ing them with all fourth fruits, essential- 
ly another measure of environmental in- 
fluence-time of maturation— is avail- 
able in the experiment. 

The fungus-growth method (13) was 
used for all thiamine analyses with de- 


terminations made in sextuplicate. Ribo- 
flavin was determined by Snell and 
Strong’s microbiological method (33) 
with duplicate determinations per sam- 
ple. The chemical method was used in 
determining ascorbic acid with a modifi- 
cation described by Morell (26). The 
aliquot, however, was titrated to an end 
point with standardized dye. Niacin was 
determined by the method of Krehl et 
al. (19) with duplicate determinations 
per sample. 

Mineral determinations were made by 
the following methods: zinc. Cowling 
and Miller (5); iron, Saywell and 
Cunningham (31); copper, Coulson 
(4), with modifications suggested by 
Drabkin (6); molybdenum, Marmoy 
(25), with modifications suggested by 
Rogers (28); boron, the i,i'-dianthri- 
mide method of Ellis et al. (7); and 
manganese according to the Official 
method (i). The analyses were made on 
unwashed leaf material dried at 65° C. 
and ground with mortar and pestle. 

Results 

Analyses of variance were computed 
for each individual character (32). The 
results for both turnips (table i) and 
tomatoes (table 2) show statistically sig- 
nificant differences between treatments 
to be inherent in the data. Although en- 
vironment as measured by replication 
also produced significant differences in 
such characters as dry-weight accumula- 
tion in the turnip experiment, replication 
differences were measured and not in- 
cluded in intertreatment comparisons. 
Thus, valid differences which can be di- 
rectly ascribed to treatments exist in 
both experiments. 

It is clear from tables i and 2 that iron 
treatments used in these experiments 
were not associated with significant dif- 
ferences in any of the characters ex- 
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amined ; however, there was a highly sig- 
nificant inverse relationship between the 
concentrations of copper, boron, man- 
ganese, zinc, or molybdenum supplied in 
the nutrient medium and the growth of 
turnips or tomatoes (figs, i, 2, 3). Fur- 
thermore, in the turnip experiment, as 
the concentration of these micro-nutri- 
ents was increased in the nutrient medi- 
um, the leaves were smaller and fewer in 
number. Also the percentage of tops or 


509 

leaves- in the whole plant decreased. 
Similarly, fruitfulness in tomatoes was 
severely impaired with respect to both 
number of fruit and leaflets per plant and 
average size of fruit and leaflets in treat- 
ments receiving more than the norma! 
quantity of these elements. 

Dried plant samples were analyzed for 
selected micro-nutrient elements, and it 
is apparent (table 3) that statistically 
significant differences between treat- 


TABLE 1 

Results of analyses of variance for growth characteristics of turnip plants 


F VALUES FROM ANALYSIS OF VARIANCE 


Characteristic 


Between treatments" of 



Between replications 

“of 



B 

Cu 

Fe 

Mn 

Mo 

z„ 

B 

Cu 

Fe 

Mn 

Mo 

Zn 

Fresh weight of tops 

4 - 78 * 

87.45* 

2.09 

7.74* 

13 . 29* 

23 • 65* 

0.62 

1.76 

0.3S 

1,48 

3.47 

1 . 58 

Dry weight of tops 

4,62* 

56.35* 

2.06 

2.17 

9.42* 

37.51* 

1.53 

4.09* 

4.2s* 

1.02 

7.14* 

I .SLS 

Fresh weight of roots 

9,68* 

8.62* 

2.17 

4.84* 

13.60* 

28.62* 

1. 81 

1.69 

4.93* 

S . 59 * 

2.34 

I .IS 

Dry weight of roots 

17.10* 

15.95* 

2.43 

4.76* 

10.02* 

37 - 90 * 

2 40 

4.46* 

3 31 

4 ■ 49 * 

2.53 

1 .37 

Total fresh weight of plant 

7.52* 

80.15* 

1.54 

7.20* 

17.87* 

33.67* 

49.65* 

1,22 

3-57 

2.24 

3.76 

4.00* 

1.50 

Total dry weight of plant . 
Tops as percentage of 

7,51'’’ 

56 . 10* 

2,69 

8.12* 

15.65* 

1,82 

5.73* 

5.41* 

4.66* 

8.48* 

1 . 89 

whole plant 

Percentage dry matter in 

2.98 

5.12* 

1,79 

2.97 

2.40 

2.66 

0.99 

0.S7 

0. 28 

2 . 14 ' 

0.57 

0,61 

j 

tops 

1 .00 

1,45 

0.75 

4.93* 

5 - 31 * 

0.40 

5 • 47 * 

2.78 

1.76 

14 03* 

4 ■ 03* 

O.QS 

Number of leaves 

2.09 

17.89* 

I . II 

1. 15 

8 . 50 * 

18.97* 

0.92 

2.17 

1.34 

1. 12 

2.14 

1 . 29 

Leaf measurements 

3 • 27 

35.34* 

2 ,82 

2. 16 

10.84* 

32.00* 

1. 34 

4.25* 

0.81 

1 . 28 

t..'2I 

0 35 


« Four degrees of freedom are available for this statistic; forty degrees of freedom are available for error variance. 
* Highly significant; when F = 3.83, P==o. 01. 


TABLE 2 

Results of analyses of variance for characteristics of growth 
and fruitfulness of tomato plants 


F VALUES FROM ANALYSIS OF VARIANCE 


Characteristic 


Between treatments® of 



Between replications® of 



B 

Cu 

Fe 

Mn 

Mo 

Zn 

B 

Cu 

Fe 

Mn 

Mo 

Zn 

Vegetative growth: 

Height of vine 

14. i6* 

49.50* 

0.04 

7.00* 

73.48* 

78.70* 

1. 01 

2-25 

0.33 

0.03 

0.92 

1.30 

Fresh weight of vine 

73 . 80* 

76.70* 

0.94 

8,24* 

21,22* 

85.59* 

1.08 

0.84 

1.36 

0,31 

0,86 

1. 19 

Dry weight of vine .... 

234.24* 

83 . 47 * 

0.34 

11.46* 

21.73* 

38.36* 

6.94* 

1.69 

0.62 

0.60 

0. 16 

0.3X 

Percentage dry matter . . 

9.38* 

4.63* 

0.92 

3.64 

18.97* 

3 - 47 ^ 

0.72 

0.96 

0.67 

0.62 

1.84 

0.43 

Dry weight of roots .... 

104.41* 

35.48* 

2.72 

30.98* 

136.44* 

26.70* 

2 . 82 

1.62 

1.48 

0.40 

1. 41 

2.. 40 

Fruitfulness: ; 

Total weight of ripe fruit. 

32.85* 

46 . 90* 

0.06 

60.33* 

228,49* 

61.74* 

0,56 

0.44 

0.03 

0.89 

0, 19 

1 . 95 

Number of ripe fruit — 

5 - 10* 

15.89* 

1.26 

26.50* 

I no. 30* 

21.10* 

0.89 

0.28 

3.06 

1 .90 

0 70 

0.40 

Average weight of ripe 
fruit 

II ,01* 

278.29* 

1.30 ■ 

22.70* 

46.80* 

16.21* 

0.52 

2.17 

2.76 

2.74 

1 . 55 

1.56 

Total number of imma- 
ture fruit 

24.20* 

16.40* 

1. 81 

28,50* 

50.60* 

19.20* 

0.00 

1.20 

1.96 

1.40 

3 . 90* 

0.04 

Total weight of imma- 
ture fruit 

6.50* 

27 .98*1 

1.26 

59.90* 

105 . 40*; 

t 

O.OI 

0,72 

0.72 

16.20* 

X . 00 

0. 69 

1 "^' 


a Four degrees of freedom are available for this statistic; forty degrees of freedom are available for error variance, 
* Highly significant; when F=3. 83, P =0.01. 
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ments are inherent in the data. Although 
differences in environment between ex- 
perimental replicates were associated 
with significant differences in chemical 
composition in three cases, the magni- 
tude of chemical differences associated 


Results of the chemical analyses are 
presented in figure 4. When the concen- 
tration of any micro-nutrient element 
was increased in the nutrient medium, 
both the tomato and the turnip plants 
accumulated it in their vegetative parts. 




CU\ 



SUPPLY OF MICRONUTRIENT - P.RM. 


SUPPLY OF MICRONUTRIENT - RRM. 


Fig, I.- 
plants. 


-Effect of supply, in toxic concentrations, of micro-nutrient elements on growth of tomato 


with different environments was not 
great. Although plants supplied with rel- 
atively high concentrations of iron in the 
nutrient medium showed no external 
toxicity symptoms and were comparable 
with control plants with respect to char- 
acters of growth and fruitfulness, the 
highly significant F values between 
iron treatments denote significant differ- 
ences in iron content of vegetative plant 
parts. 


It is interesting that the concentrations 
of some of the elements were increased a 
thousand fold or more in the plant tis- 
sues, although the accumulation of iron 
was considerably less. There seems to be, 
also, no consistent relationship between 
the concentration of micro-nutrients sup- 
plied and the concentration in plant 
tissues. For instance, a thirty-fold in- 
crease in the concentration of iron sup- 
plied to turnips was associated with less 


NUMBER OF FRUIT TOTAL WEIGHT 


RIPE FRUIT . 





IMMATURE FRUIT 


^o. 

Cu 


>.C) B 


0 20 60 100 0 2 

SUPPLY OF MICRONUTRIENT - P. P. M. SUPPLY OF MICRONUTRIENT - P. P. M. 

Fig. 2. — Effect of supply, in toxic concentrations, of micro-nutrient elements on yield of tomato fruit 


■ 40 h q 


TOPS 


ROOTS 


0 20 60 100 0 20 60 100 
SUPPLY OF MICRONUTRIENT - P.P.M. SUPPLY OF MICRONUTRIENT - P.RM. 

Fig. — Effect of supply, in toxic concentrations, of micro-nutrient elements on growth of turnips 





SI 2 BOTANICAL GAZETTE [june 


than a twofold increase in the iron con- 
centration in the leaves. A fivefold in- 
^ crease in manganese supply to turnips 

!' resulted, however, in a fifteen-fold in- 

crease in the manganese concentration 
in the leaf. Perhaps the greatest accumu- 
lation rate was evidenced by a compari- 
son of tomato plants supplied with 0.05 
and 25.05 p.p.m. of molybdenum. In this 


instance, more than a thousand-fold in- 
crease in molybdenum concentration in 
leaflets occurred. The data also show 
that, at the higher levels of supply, the 
rate of accumulation within the plant 
decreases as the level of supply is in- 
creased. 

The data for thiamine, niacin, ribo- 
flavin, and ascorbic acid contents of 



TABLE 3 

Results of an.\lyses of variance for analytical data con 

CERNED WITH CHEMICAL COMPOSITION OF TURNIPS AND 
, TOMATOES. F VALUES ARE PRESENTED 


■REPLICATIONS 


Micro-Nutrien' 

ELEMENT 


Tomato 

leaflets 


Boron. 

Copper 

Iron. 

Manganese. . , 
Molybdenum 
Zinc 


Highly significant, satisfying requirements for P = o.oi 


9000 


TOMATO LEAFLETS 


8000 


TURNIP LEAVES 


7000 


CL 6000 


2 5000 


D 4000 


3000 


2000 


SUPPLY OF micronutrient - P.P.M. SUPPLY OF MICRONUTRIENT - P.P.M. 

Fig. 4 . Effect of supply, in toxic concentrations, of micro-nutrients on their concentration in turnip 
leaves and tomato leaflets. 


Between treatment.^ 



Tomato 

Turnip 

leaflets 

leaves 

122.22* 

48. 22* 

14.02* 


22.25* 

16.01* 

103.5 * 

58.2 * 

Si. 3 * 

124.8 * 

11.92* 

9.72* 
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turnip greens are presented in table 4. 
Perhaps the most striking differences in 
vitamin content were achieved by alter- 
ing the boron and manganese content of 
the nutrient medium. A 39% increase in 
the thiamine content of turnip greens re- 
sulted from increasing the boron concen- 
tration in the nutrient medium to 15.5 
p.p.m. A further increase in the boron 
concentration in the medium was with- 
out significant effect on thiamine con- 
tent. The niacin content was significantly 
increased, while the ascorbic acid content 
decreased with increments of boron in 
the nutrient medium. The highest niacin 
content resulted from the use of 45.5 or 
60.5 p.p.m. of boron in the nutrient 
supply. 

As the manganese concentration in the 
nutrient supply was increased, the ribo- 
flavin content of turnip greens increased, 
while the ascorbic acid content decreased 
significantly. Also, 100.5 of man- 

ganese in the nutrient supply resulted in 
a significant increase in niacin content. 
However, the treatment with 75.5 p.p.m. 
of manganese had no significant effect on 
the niacin content of greens when com- 
pared with the control treatment. 

Several other consistent and signifi- 
cant trends in vitamin content can also 
be associated with treatment effects. In- 
creased concentrations of molybdenum 
in the nutrient medium resulted in in- 
creased thiamine and niacin content of 
turnip greens. The highest concentra- 
tions of zinc employed were associated 
with the maximum riboflavin values in 
the experiment. The ascorbic acid con- 
tent was less with increased copper sup- 
ply* 

Some other significant differences in 
vitamin content should be noted, al- 
though no consistent trends are obvious. 
The effects of iron, molybdenum, and 
copper supplies on riboflavin content of 


turnip greens are of interest. In these in- 
stances a unimodal curve is obtained by 
plotting vitamin content against nutrient 
supply. The association of the two vari- 
ables is certainly obscure, yet significant 
differences in the vitamin content of 
greens resulted from treatment. 

The results of the analyses of variance 
for the tomato experiment are presented 
in table 5. Treatments with variable sup- 
plies of boron, copper, manganese, and 
molybdenum were associated with statis- 
tically significant differences in ascorbic 
acid content of tomatoes. In some few 
instances valid differences exist in the 
data which are primarily attributable to 
the influence of environment as measured 
by replication or by fruit-number dif- 
ferences. 

The ascorbic acid content of tomatoes 
in various treatments is given in table 6. 
An increased supply of boron, manga- 
nese, or molybdenum in the nutrient 
medium resulted in tomato fruits with 
lower ascorbic acid values. As the copper 
concentration in the nutrient medium in- 
creased, however, tomatoes with signifi- 
cantly higher ascorbic acid content re- 
sulted. Differences as high as 65% in 
ascorbic acid content are demonstrable 
between copper treatments. 

Although statistically significant dif- 
ferences in ascorbic acid content are 
demonstrable between blocks, the mag- 
nitude of these differences is considerably 
less (table 7) than those associated with 
treatment. In no case do the differences 
associated with replicates exceed 16%. 

Discussion 

It should be emphasized that plant 
growth in these experiments was consid- 
erably affected by the treatments em- 
ployed, with the exception of the iron 
series. The toxic treatments of copper, 
zinc, molybdenum, boron, and manga- 


TABLE 4 

Vitamin content of turnip greens grown in various treatments 








0 , 0 ? 

25-05 

50.05 

75-05 

100,05 


L.S.D.*.. 


Zinc 


6.25 

5-49 

5-65 

5-30 

4.92 

63 

59 

45 

39 

26 

95-3 

77-0 

71.0 

84-5 

78.9 

' 

9 

9 

10 

10 

9 

(1-476) 

.. 

(21.26) 


Treatment 

(P.P.M.) 

Thiamine 

Niacin 

Riboflavin 

Ascorbic acid 

7/gm. 
dry wt. 

No. of 
analyses 

7/gm. 
dry wt. 

No. of 
analyses 

7/gm. 
fresh wt. 

No. of 
analyses 

Mg. / 
roo gm. 
fresh wt. 

No. of 
analyses 


Boron 

0.5 

5.84 

60 

CO 

9 

4.36 

20 

1 225,. 3 

10 

^ 5 • 5 • • • 

8.13 

5 ^ 

112.8 

9 

4-37 

18 

201 . 2 

Q 

30.5 

9.41 

56 

I3I. I 

8 

4-15 

18 

206.4 

10 

45 • S 

8.94 

59 

149.4 

10 

3-94 

20 

177.2 

TO 

60,5 

9.78 

50 

142.3 

8 

4.08 

18 

177-3 

9 

L.S.D.* 

(i. 

159) 

(22 

04) 

(0 . 600) 

(34-99) 


Manganese 

0-5 

6.10 

57 

88.4 

10 

3-71 

20 

212.2 

10 

25-S 

6.09 

59 

95-1 

10 

4. 16 

19 

198.2 

10 

50.5 

5 - 53 

57 

92.1 

9 

4.26 

18 

176.9 

9 

75-5 

5-73 

60 

95-2 

9 

4-49 

18 

180.2 

10 

100, 5 

5-96 

59 

123.0 

9 

5-01 

20 

157. I 

10 

L.S.D.* 

0 

00 

(14-63) 

(0-563) 

(29.29) 


Molybdenum 

0.05 

6.18 

60 

90.6 

9 

3-90 

20 

216. I 

10 

25-05 

6.31 

55 

85-5 

9 

4.06 

20 

2 II .8 

10 

50.05 

6.51 

50 

97-0 

8 

5-01 

18 

229 . 0 

10 

75-05. . . ... 

7.65 

56 

119.6 

7 

4.66 

20 

216.3 

TO 

100.05 

7.68 

66 

118.3 

10 

4-37 

20 

203 . 6 

10 

L.S.D.* 

(1.112) 

(22.10) 

(0-570) 

(26.63) 


3.81 

20 

210.5 

10 

3 - 8 s 

20 

257-9 

10 

3.79 

20 

264.0 

10 

4-63 

iS 

209.6 

8 

5-61 

14 

212.6 

10 

(0.490) 

1 

(49 ■ 29) 


ments’for odds^f significant difference between treatments calculated from analysis of variance which satisfied require- 
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5 ^ 5 


TABLE 4 — C&ntimied 


Treatment 

(P.P.M.) 

Thiamine 

Nlycin 

Ribofl-win 

AscoRBir \cw 

7/gm. 
dry wt. 

No. of 
anabases 

7 / gni. 
dry wt. 

No. of 
analyses 

7/gm. 
fresh wt. 

No. of 
analyses 

Mg. / 

100 gm. 

fresh wt. 

No. of 
analyses 


Copper 

0.02 

6.28 

60 

91.9 

9 

3-74 

20 

216.4 

10 

12.52 

6.25 

54 

86.9 

10 

4.42 

20 

221.9 

10 

25.02 

5-72 

43 

92.7 

10 

4 ■ 55 

IQ 

IQl . I 

10 

37 -52 

4.80 

26 

79.2 

8 

4.40 

12 

17I .Q 

9 

=;o . 02 

5-90 

16 

72.4 

8 

3.86 

8 


9 

L.S.D.=‘' 

(i- 39 S) 

(23.99) 

(0.672) 

(36.39) 


Iron 

5-0 

6. 16 

63 

82. 1 

10 

4-54 

20 

236.7 

10 

43-0 

6. II 

59 

86.3 

10 

3 • 55 

20 

218.3 

8 

77-0 

6.71 

59 

78.0 

10 

3.76 

20 

229.0 

10 

113-0 

6.83 

53 

99-0 

9 

4.16 

17 

208.4 

0 

147-0 

6. 29 

46 

86.5 

8 

4-31 

17 

212.4 

9 

L.S.D.’** 

(1-314) 

(21 

-52) 

(0 . 400) 

(19-63) 


nese resulted in considerably less fresh- 
and dry-weight accumulation of both 
vegetative parts and root systems than 
was the case with control plants. Fruit- 
fulness of tomato plants was also serious- 
ly impaired. Thus, practical application 
of these results is not warranted. The 
data, however, do indicate some trends 
which merit further investigation from 
the practical standpoint. For instance, 
the association of boron supply with the 
thiamine content of turnip greens has 
possibilities. Apparently, a boron con- 
centration of 15.5 p.p-^- l^he nutrient 
medium seriously impaired the extent 
and character of root systems but did not 
seriously affect production of dry matter 
in above-ground vegetative parts. Since 
this treatment was also associated with a 
considerable increase in the thiamine 


TABLE 5 

Results of analyses of variance for 

ASCORBIC ACID CONTENT 
OF TOMATOES 


F VALUE FROM ANALYSIS OF 


VARIANCE FOR VARIATION 


BETWEEN 


Treatment 



Treat- 

ments" 

Fruit 

no.* 

Blocks'’ 

Boron. 

11.97* 

3-52 

0. 71 

Copper. .......... 

40.63* 

3-31 

3.54* 

Iron. 

0.36 

2.52 

2-74 

Manganese 

3.75* 

1.38 

9.67* 

Molybdenum ..... 

17.78* 

3-78 

7.78^ 

Zinc. 

1-39 

26.79* 

1 . 72 


aFour, bthree, and dour degrees of freedom are available for 
indicated sources of variation; ii3”i40 decrees of freedom are 
available in different analyses for error variance. 

* Highly significant; satisfying requirements for P ==o.oi. 
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concentration in turnip leaves, the effects severe symptoms (21) invariably con- 
of boron supply in the nutrient medium tained the largest quantities of the 
should be carefully examined with con- micro-nutrient element under considera-' 
centrations ranging from 0.5 to 15.5 tion. Turnip or tomato plants containing 
p.p.m. It IS possible that a smaller incre- approximately twice as much iron as 

TABLE 6 

Ascorbic acid content of tomatoes in various treatments. Treatment means 

TOGETHER WITH THEIR STANDARD ERRORS ARE GIVEN 



Boron 


Copper 

Manganese 

Molybdenum 

Cone, 
supplied 
in nutrient 
(p-p.m.) 

Ascorbic 

acid* 

content 

No. 

of 

analyses 

Cone, 
supplied 
in nutrient 
(p.p-m.) 

Ascorbic 

acid* 

content 

No. 

of 

analyses 

Cone. 

^ supplied 
in nutrient 
(p.p.m.) 

Ascorbic 

acid* 

content 

No. 

of 

analyses 

Cone, 

_ supplied 
in nutrient 
(p.p.m.) 

Ascorbic 

acid* 

content 

No. 

of 

analyses 

0.5 

15. S 

28. i± 
0-59 

27. 4± 
1,08 

40 

40 

0.02 

12.52 

28.8 + 

0.55 

30.9+ 
0.69 
40.0+ 
3-75 
42. S± 

39 

39 

0-5 

25.5 

27. 3± 

0.49 
26.9 + 

40 

40 

0,05 

25.05 

28. 2 ± 
0-55 
27. 4± 

40 

40 

30. s 

26.4 + 
0.68 

40 

25.02 

33 

50.5 

0.49 
24.2 + 

37 

so. 05 

0.54 

24. 1 ± 

36 

45-5 

24. 8± 
1.06 

37 

37-52 

25 

75-5 

0-54 

21. 8± 

31 

75 05 

0.98 
15.8 + 

7 

60, s 

21 . i± 
0.88 

33 

50.02 

1.49 

46 • 4 ± 
3.62 

13 

100. 5 

0.77 

17. 4 ± 
1.74 

II 

100.05 

2.14 
22.8 + 

2 . 29 

3 


* Mg. per loo.gm. . ” 

TABLE 7 

V.A RIATION among BLOCKS WITH RESPECT TO ASCORBIC ACID CONTENT OF TOMATOES 




Treatments of 



Copper 


Manganese 

Molybdenum 

Mean -f- error 

No. of 
analyses 

1 Mean + error 

No. of 
analyses 

Mean + error 

No. of 
analyses 

36.3 + 1.78* 

35*3 + 1.37 
36.5 + 1.52 

32 . 3 ±o .98 
38.2 + 2.43 

30 

31 

33 

28 

27 

26.1+0.96 

26.1+0.62 

25*3 ±0.73 

23 . 9 ±o- 6 o 
22.2 + 0.98 

28 

33 

34 

33 

31 

28.9 + 0.97 
26.0+1.18 
24.7 + 1 .16 
27.5 + 0.90 
23.1 +0.86 

23 

25 

27 

26 

25 


All analytical results are in terms of mg./ 100 gm. fresh weight. 

ment of boron supply would be associat- c. 
ed with a similar change in thiamine o 
values but with no toxic growth effects, ci 
The niacin content of turnip greens as w 
influenced by boron supply also might 
have practical implications. is 

In general, development of toxicity bi 
symptoms in these experiments (table 8) cc 
could be correlated with results of miner- cl 
al analyses. Plants exhibiting the most al 


control plants failed, however, to devel- 
op any toxicity symptoms, and no signifi- 
cant differences in growth or fruitfulness 
were evident. 

Recently the concept that manganese 
is concerned in the elaboration of ascor- 
bic acid has received some support. This 
concept was first developed from bio- 
chemical studies of liver tissue (29, 30), 
although more recent experiments (3) 


TABLE 8 

Toxicity symptoms on tomato plants, July 14, 1943 
(Plants had received their respective nutrients for 32 days. Those plants receiving basal solution 
were accepted as normal in appearance) 



IS -5 
30'- 5 
45 ■ 5 

60.5 


12 . S2 


25 . 02 . 
37.52. 


43 • 0 . 
77 - 0 . 

113.0. 

147.0. 


25 • 5 • 

50.5 . 

75 . 5 . 
100.5 . 


25.05 . 

50.05 . 


75 05. 
100.05 . 


Boron 


Norrnal size and vege- 
tative characteristics 

Tops good green color 

Plants smaller; tops ap- 
pear normal in color 
and vigor 

Small 

Brown necrotic areas, particularly at periphery of leaflets of 
lowermost leaves; some chlorosis in vein islets at top of plant 
Many lower leaves abscised; lowermost leaflets brown and 
dead; some chlorosis in leaflets near top of plant 

Lower five leaves dead; partial abscission of petioles; leaflets at 
middle of plant necrotic, particularly at peripher>% and 
droop with petioles at abnormal angles; possibly a nastic 
condition 

Lowermost leaflets dead; lower two-thirds have necrotic areas; 
penphery of young leaflets near top necrotic, brown, and 
dried up 

Normal; sepal tips brown 

Fruit small and dull green; 
sepal tips brown 

Fruit-.setting normal; sepal 
tips brown; occurs prior 
to or subsequent to 
anthesis 

Fruiting appears normal; 
fruits dull green; lack 
wa.xy characteristics 

Copper 

Lower part normal, e.x- 
cept grayish-green 
coloration 

Tops yellow 

Tops yellow 

Tops white; plants 
much smaller 

Top leaflets of plants chlorotic in vein islets with general yel- 
lowing of leaflet near leaf petiole; similar to iron deficiency 

Leaflets small; young leaves chlorotic, particularly at leaf peti- 
ole; grayish, light-green color of leaves and stems 

Leaflets small with lack of pigmentation, particularly near peti- 
oles of leaves; lowermost leaflets and petioles purplish in 
color 

Lowermost leaflets light green with purple on backs along 
veins; petioles also purple; color of leaflets becomes green, 
then yellow at middle, and finally white at top of plant 

Normal 

Fruit size reduced, with 
yellowish color 

Fruit yellow ; sepals chlorot- 
ic; fruit small 

Calyx and corolla whitish 

Iron 

Normal 

Dark green color, other- 
wise normal 

Dark green color, other- 
wise normal 

Normal growth; tops 
normal color 

All leaflets have grayish-green sheen; lowermost leaves yellow; 

chlorosis extending to veins and vehilets 

Back of leaflets appears to be purple in veins and veinlets 

Back of leaflets appears to be purple in veins and veinlets 

Brown, spotted necrosis on leaflets of lower two-thirds of plant ; 
more uniform necrosis on periphery i 

Normal 

Normal 

Normal 

Normal; spotted dark green 
around collar of young 
fruit 

Manganese 

Fair vegetative vigor 

Top appears normal 

Definite toxicity; re- 
tarded growth 

Plants very small 

Uppermost leaves chlorotic with dark green veins and veinlets; 
vein islets lighter 

Leaflets partially dead on lower part of plant; vein islets chlo- 
rotic; brown spots on veins, veinlets, petioles, and stems of 
lower two-thirds of plant 

Lower leaves and leaflets dark green; petioles dull, grayish 
brown; stems occasionally black 

Vein islets of upper leaves chlorotic; lower leaves mostly dead 
and leaflets abscised; random browning of lower stem 

. 

Normal 

Normal; sepals brown 

Fewer fruit set 

Fruit- setting inhibited; 
small in size 

Molybdenum 

Tops normal 

Plant gold in color, 
some green in top 

Extreme toxicity 

Extreme toxicity; gold- 
en color 

Leaflets on lower two-thirds of plant golden yellpw’ 1 

Lowermost leaflets abscised; leaflets have golden brown necrot- : 
ic areas; petioles a golden reddish tint 

Leaflets on uoper plant small and chlorotic; leaflets at middle 
of plant golden green with yellow brown necrosis; principally 
at periphery; stems golden green 

Leaflets at top of plant abscised; leaflet stems and petioles gold- 
en; remaining leaflets on lower part of plant entirely brown; 
necrosis occurs at periphery and progresses inward 

Normal 

Small fruit; lower portion 
of fruit completely yel- 
low with scabrous, brown 
collar just above equa- 
torial portion; sepal tips 
brown 

Scabrous brown condition at 
equatorial portions of 
yellowish fruit 

Greatly impaired; fruit of 
small size; lower portion 
brown; cuticle disinte- 
grated; black-brown area 
on equatorial portion 
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TABLE 8 — Continued 


Supply of 
micro- 
nutrients 
(p p.m.) 

Whole plant 

Leaves 

Fruiting 



Zinc 


25.05 .. . . 

Slightly retarded 
growth, light green 

Stems light green 

Normal except for light yel- 
low color of fruit 

50 . 05 . . . . 

Smaller plants; light 

Leaflets light green. Lamina chlorotic on leaflets near top of 

Small fruit; yellow-green; 


green 

plant; lowermost leaflets contained golden yellow necrotic 
areas, principally at periphery 

sepal tips spotted brown 

75 -05 ... . 

Extremely chlorotic, 
particularly at top 

All leaflets small in size; some of lower leaflets completely yel- 
low with necrotic areas at tips 

Fruit light whitish-green 

100.05 ■ • ■ • 

Severe effects 

All leaflets extremely small; practically white at top of plant; 
lower leaflets dead; back of leaflet bronzed with brown veins; 
top part of stem white 

Flowers white; calyx whit.- 
ish-yellow 


have failed to confirm this conclusion. 
Hester (i6, 17, 18) has stated that the 
addition of soluble manganese to soils 
deficient in this element resulted in an 
increased ascorbic acid content of toma- 
toes. Lyon et al, (22, 23) and Gum et al, 
(10), however, found manganese-defi- 
cient tomatoes in controlled culture ex- 
periments to be as high in ascorbic acid 
values as control fruit. 

In this experiment, leaflets from toma- 
to plants supplied with 0.5 p.p.m. of 
manganese contained 109+3.8 p.p.m. of 
manganese. The tomato fruits contained 
27.3 + 0.49 mg. of ascorbic acid per 100 
gm. fresh weight. When tomato plants 
were supplied with 25.5 p.p.m. of manga- 
nese in the nutrient, the leaflets con- 
tained 3567+ 103.7 manganese 

and the fruits contained 26.9 + 0.49 mg. 
ascorbic acid per 100 gm. fresh weight. 
As the manganese concentration in the 
nutrient medium was further increased, 
the plants absorbed and accumulated in- 
creased concentrations of manganese in 
the leaflets, and the vitamin content of 
the fruit was consistently and signifi- 
cantly less. 

More recently, Harmer and Sher- 
man (15), working with spinach, oats, 
and Sudan grass, have concluded, “The 
application of manganese to a manga- 
nese-deficient soil significantly increased 


the ascorbic acid content of plants during 
the periods of the year when such man- 
ganese application caused a significant 
plant growth response,” and “manganese 
played an important role in the synthesis 
of ascorbic acid in chlorophyll-bearing 
tissue, since plants growing on a soil defi- 
cient in available manganese contained 
less total and reduced ascorbic acid.” 
The data from the present report do not 
seem to substantiate the above conclu- 
sion that manganese plays a role in the 
synthesis of ascorbic acid. Leaves from 
turnip plants supplied with 0.5 p.p.m. of 
manganese in the nutrient solution con- 
tained 95 + 3.5 p.p.m. of manganese and 
212.2 + 10.98 mg. of ascorbic acid per 
100 gm. fresh weight. When plants were 
supplied with 25.5 p.p.m. of manganese 
in the nutrient solution, their growth was 
not significantly different in any respect 
from those supplied with 0.5 p.p.m., yet 
their leaves contained 1510 + 48.9 
p.p.m. of manganese and only 198.2 + 
15.08 mg. of ascorbic acid. The two series 
of plants were identical in growth char- 
acteristics and ascorbic acid content 
within the limits of experimental error. 
One series contained fifteen times as 
much manganese as the other by analy- 
sis. In addition, leaves from turnips sup- 
plied with 100.5 p.p.m. of manganese in 
the nutrient contained 5670 + 628.0 
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p.p.m. of manganese and 157. i + 14.52 
mg. of ascorbic acid. The plants exhibit- 
ed definite toxicity symptoms and were 
stunted but contained significantly less 
ascorbic acid. Certainly these data would 
indicate that manganese is not directly 
concerned in ascorbic acid synthesis in 
turnip leaves, a chlorophyll-bearing tis- 
sue. 

Since ascorbic acid oxidase has been 
found to be a copper-protein (20, 27) in 
summer squash and cucumbers, the in- 
creased ascorbic acid content of toma- 
toes, which resulted from supplying rela- 
tively high concentrations of copper in 
the nutrient medium in the experiments, 
is of interest. 

Summary 

1. Experiments were designed in 1943 
to measure the effects of high concentra- 
tions of manganese, boron, zinc, molyb- 
denum, copper, or iron in the nutrient 
medium on the vitamin content of turnip 
greens and tomatoes grown in sand cul- 
tures. Growth data as well as results of 
selected mineral analyses are presented, 
and nutritive values in terms of thia- 
mine, niacin, riboflavin, and ascorbic 
acid content are considered. 

2. As the iron concentration in the 
nutrient medium was increased to 147 
p.p.m. , no significant effects on the 
growth of either turnips or tomatoes were 
evident. Both plants, however, absorbed 
and accumulated more iron than the con- 
trols as a result of treatment, but no sig- 
nificant differences in vitamin content 
were observed. 


3. As the concentration of copper, 
manganese, boron, zinc, or molybdenum 
was increased in the nutrient medium, 
the growth of both turnips and tomatoes 
was significantly retarded. Definite and 
specific toxicity symptoms developed, 
and, invariably, as the supply of any of 
the micro-nutrient elements used was in- 
creased, a greater concentration of that 
element was found in the vegetative 
plant parts. 

4. Certain significant changes in vita- 
min content were striking. For instance, 
as the boron supply to turnip plants was 
increased, a 60% increase in both niacin 
and thiamine concentration in leaves oc- 
curred. Ascorbic acid values, however, 
were 20% less. A 35% increase in both 
niacin and riboflavin values was associ- 
ated with increased manganese supply. 
In this instance, ascorbic acid values 
were 25% less. In tomatoes a 66% in- 
crease in ascorbic acid content of the 
fruit was associated with relatively high 
copper concentrations in the nutrient 
solution. Ascorbic acid values were sig- 
nificantly less than in control fruits, how- 
ever, as the concentration of boron, man- 
ganese, or molybdenum was increased in 
the nutrient. 

5. Some practical as well as theoretical 
connotations of these results are dis- 
cussed, The reports that manganese fer- 
tilization of the soil results in high as- 
corbic acid values are considered in rela- 
tion to these results which indicate that 
manganese supply to the plant has little 
influence on ascorbic acid content. 
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NUCLEI AND CYTOPLASMIC INCLUSIONS IN BASIDIA OF AMANITA 

DON RITCHIE 


Introduction 

The karyology of spore fomiation has 
been described in dozens of Basidiomy- 
cetes since the essential outlines were 
worked out by Wager (9, 10), Maire 
(3), Levine (2), and others. Wakayama 
(ii, 12) has made a catalogue of chromo- 
some numbers in several Basidiomycetes, 
including his own observations and those 
of previous workers, and his list indicates 
that most of the plants that have been 
investigated showed two chromosomes. 
In some species, however, notably those 
studied by Wager, the chromosome 
count is four, six, or eight. All the fifteen 
species investigated by Maire (3) had 
two chromosomes, and there were seven 
additional species, studied by others, 
which also had two chromosomes. The 
remaining eleven species investigated 
had four, six, or eight chromosomes. 
Since Maire saw only two chromosomes 
in fifteen species in twelve genera, the 
fixation of those fungi may have been 
imperfect. Certainly such tiny particles 
of protoplasm can be easily misinter- 
preted unless they are quite distinct, and 
they are not distinct unless the fixation 
is fortunate both as to time and as to 
clarity of the resulting image. 

Further information on basidial con- 
tent was presented by Sass (7), who 
found dark-staining bodies associated 
with nuclei and with sterigma-formation 
in the basidia of Coprinus sterquilinus. 
He figured, for instance in the case of a 
uninucleate basidium, a nucleus-like ob- 
ject close to the real nucleus and called 
it a Nebenkern. He could not find divi- 
sion figures of any of the bodies and ob- 
tained varied results with different fixa- 


tions. Sass suggested that the “Golgi 
material,” since it disappears after 
“helping’' in the formation of sterigmata, 
may move into the spores. He empha- 
sized the fact that he used no osmium- 
containing fixatives but made his prepa- 
rations with several variations of mix- 
tures of chromic acid, acetic acid, picric 
acid, and formaldehyde. 

The work reported here is part of a 
series of trials of a variety of fixations on 
fungi, including a repetition of the meth- 
ods of Sass. The extra-nuclear bodies 
which he figured in both drawings and 
photographs are so distinct that it seems 
strange that others interested in, fungus 
cytology had not, and have not until 
now, found similar objects in the basidia 
of other forms. Although it was not my 
original intention to seek consciously any 
such bodies in the , several species under 
investigation, it was nevertheless inter- 
esting to find a fairly regular distribution 
of them in one plant, namely the famous 
Caesar's mushroom, A 7 mnita caesarea 
Fr. Since the writer has not found them 
in several other species whose basidia 
were studied with the same technic|ues, 
it appears that the bodies are not of uni- 
versal occurrence. They are either limited 
to certain species or else are found only 
at special times, those times being spo- 
radic. The remainder of this study con- 
sisted of merely a routine examination of 
the basidia to check the karyology, ob- 
serve the meiotic divisions, obtain a 
chromosome count, follow the progress 
of spore formation, and observe such 
cytoplasmic inclusions as could be found, 
since none of this had been done for .^ 4 . 
caesarea. 
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Material and methods 
Young sporophores were collected out- 
doors in midsummer, brought into the 
laboratory, and killed as quickly as pos- 
sible in a series of fixing fluids. These in- 
cluded : Randolph’s CRAF fixer, full and 
half strength (i) ; Randolph’s plus three 
drops of the detergent Triton X; the 
Zirkle-Erliki mixture (13) ; Zirkle-Erliki 
plus 0.5% quinone; 0.5% quinone; 0.5% 
quinone in 0.4% NaCl post-chromed 
with 3% H2Cr04 or with K2Cr207; 0.5% 
quinone followed by 3% CUSO4; Sass’s 
Fixative II (7); chrome-formaldehyde- 
copper; and chrome-ace tie-copper (5). 
The quinone series was attempted be- 
cause that substance initially showed 
promise of “complete fixation” — that is, 
a combination of both the so-called 
“acid” and “basic” images in the same 
fixed cell. The results to date have been 
disappointing, although Newcomer (4) 
has photographed some dividing cells 
fixed with quinone in which both well- 
fixed mitochondria and chromosomes are 
evident. 

Sections of the gills of Amanita cut at 
2 and at 4 (mostly at 4) ix were subse- 
quently stained in iron-alum haematoxy- 
lin and with the Feulgen nucleal reac- 
tion. In the latter technique, staining 
was successful after 10 minutes of hy- 


drolysis in normal HCl at 60° C. and 7 
hours in the leuco-basic fuchsin. 

Results 

The behavior of the nuclei in the 
basidia of A. caesarea is typical of that 
of many of the Agaricaceae already 
studied. The cells of the mycelium below 
the hymenium are binucleate. The free 
ends of the hyphae push out through the 
palisade-like cellular coverings of the 
gills, appearing first as small, almost 
cylindrical cells containing two small 
nuclei (fig. i). The young basidia enlarge, 
push out still farther (fig. 2) and eventu- 
ally make their way to the surface of the 
gill. Meanwhile, preparatory to fusion, 
the nuclei enlarge to many times their 
original size (fig. 3). Figure 4 shows a 
pair of these large nuclei just before the 
act of fertilization. This stage resembles 
the second binucleate stage, but the 
basidium usually has not, as in this in- 
stance, grown to its full size, being still 
overshadowed by the surrounding larger, 
more mature basidia. Fusion of the two 
nuclei ensues (figs. 5-7). Figure 5 shows 
the earliest stage at which Nebenkerne 
were found, the ones in this figure being 
demonstrated after the same technique 
as that used by Sass. As Sass indicated, 
these bodies cannot be osmium-produced 



Figs. 1-26. — All drawn with camera lucida arm at 120 mm., mirror at 45°, paper at table level. 1640X. 
Fixations for indicated figures: quinone, 2; quinone plus CUSO4, 3; quinone plus H2Cr04, i, 8, 22; quinone 
plus KaCr^O?, 16, 18; CRAF, full strength, 4, 7, 10, 12-15, 19-21, 26; CRAF, half strength, 6; Sass's fixative 
II, 5; chrome-acetic-copper, ii; chromium sulfate-formaldehyde copper, 17; Zirkle-Erliki, 9, 23, 24, 25. 
Stains: Heidenhain’s haematoxylin, 1-3, 5, 6, 8, 10, ii, 15, 16, 18, 22; Feulgen stain, 4, 7, 9, 12, 13, 14, 17, 
19-21, 24-26. Figs. 1-3, young binucleate basidia, showing general increase in size. Fig. 4, young binucleate 
basidium just before nuclear fusion. Figs. 5-7, stages in nuclear fusion. Figs. 8-ri, aspects of fusion nucleus 
after different fixations; fig. 10 shows faintly and fig. ii shows clearly double spireme of early prophase of 
first meiotic division. Figs, 12-13, metaphase and telophase of first meiotic division, showing number, 
shape, and size of chromosomes. Fig. 14, second binucleate stage after first division. Figs. 15-16, second bi- 
nucleate stage similar to fig. 14, except that fig. 15 shows three extra-nuclear bodies, and fig. 16 shows two. 
Fig. 17, second meiotic division, telophase. Fig. 18, four-nucleate stage (only three nuclei visible in this 
section) with mitochondria in cytoplasm. Fig. 19, four-nucleate stage with four distinct nuclei clumped. 
Fig. 20, four-nucleate stage with two extra-nuclear bodies. Fig. 21, formation of sterigmata and spore 
initials. Fig. 22, spore initials containing mitochondria. Figs. 23-24, migration of nuclear material into spore. 
Fig. 25, nuclear division in spore; see text on appearance of chromatin after Zirkle-Erliki fixation. Fig. 26, 
basidium with one mature, binucleate spore. 
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artifacts. After fusion of the two nuclei, 
the resulting nucleus is only about forty 
times as voluminous as the two original 
basidial nuclei combined, a rather small 
increase as compared with that occurring 
in other species. 

Figures 9, 23, 24, and 25 illustrate an 
interesting fact. The basidia from which 
these figures were made were killed in a 
“basic” fixer, the Zirkle-Erliki fluid, 
which is usually considered a dissolver of 
chromatin. Other slides, made from the 
same tissue and stained with Heiden- 
hain^s haematoxylin, show small, darkly 
staining granules which are probably 
mitochondria, but no chromatin appears. 
Such would be the usual, and the expect- 
ed, image. The preparations mentioned 
above, however, were stained by the 
Feulgen method, in which chromatin ma- 
terial is specifically stained red or magen- 
ta. With this stain it is seen that the 
Zirkle-Erliki fixative does not dissolve 
chroniatin but merely fixes it poorly and 
renders it unstainable by haematoxylin. 
Of course, with the Feulgen stain no 
mitochondria are evident. 

The fusion nucleus then undergoes its 
reduction divisions. Figure 10 shows an 
early prophase of the first division and 
figure II a later prophase. In this nucleus 
the double thread of the spireme can be 
seen distinctly. In general, the chrome- 
acetic-copper fixative gives excellent 
images of nuclei but it is not uniform in 
its results and, as can be seen from this 
figure, is valueless for cytoplasmic detail. 
During the first meiotic division (fig. 12) 
eight chromosomes appear. Immediately 
thereafter the second division occurs, and 
in this also there are eight chromosomes 
(fig. 17), four going to each of the four 
resulting nuclei. The haploid chromo- 
some number for this species is therefore 
four. ^ 


After the final division the sterigmata 
and spore initials appear. In this species 
no instances were found in which these 
structures appeared before the final nu- 
clear divisions, as has been reported else- 
where (5). The nuclei move out through 
the exceedingly slender tips of the sterig- 
mata (figs. 22-24) into the spores, where 
they divide once more. As often happens 
in the hymenomycetes, the mature spores 
each possess two nuclei (fig. 26). 

The extra-nuclear bodies in these 
basidia deserve special note. The only 
reference to them in the literature of the 
Agaricaceae is that of Sass (7). In gener- 
al, my findings are in considerable accord 
with his, in that the basidia of Amanita 
possess spherical objects resembling nu- 
clei in shape and size. My figures 5 and 
16 — one of material fixed in Sass’s fluid 
II and the other in quinone post-chromed 
— are quite like those in Sass’s report, in 
respect to position in the cell, size, shape, 
and internal structure, having “an achro- 
matic matrix containing a variable num- 
ber of chromatic, crescent-shaped . . . 
bodies.” The writer has never, however, 
found the extra-nuclear bodies associat- 
ed with the sterigmata, nor have they 
always agreed in number with the nuclei. 
They were sometimes more numerous 
than the nuclei (fig. 15) and sometimes 
less numerous (fig. 20). Like Sass, the 
writer has not found them in the act of 
dividing. As to their origin, nature, func- 
tion, and fate I have no inkling. As to 
their being Golgi material, I have no 
opinion. 

The question of Golgi material in 
plants is so confused, and the various 
opinions about it are so numerous, so 
diverse, and so lightly supported, that it 
seems useless to increase the chaos by 
adding another cytoplasmic inclusion of 
unknown nature to the already long, 
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heterogeneous list. This much is reason- 
ably sure: There are in some basidia cer- 
tain nucleus-like bodies, fixable by or- 
dinary cytological methods without os- 
mium. Further, it appears that these 
bodies are chromatic. Although the idea 
of extra-nuclear chromatin has for some 
time been in disrepute, there has been 
some recent work in support of it in the 
motile reproductive cells of AUomyces (6) 
and in the microspores of several angio- 
sperms (8). The Feulgen reaction, which 
is now generally regarded as specific for 
chromatin, brings out clearly stained 
extra-nuclear bodies in these basidia of 
Amanita (fig. 20). These are apparently 
the same structures which show up after 
haematoxylin staining (fig. 5) and which 
Sass figured. Sass thought that they 
might go into the spores, but there is no 
direct evidence that they do. More work, 
perhaps from a different angle, may ex- 
plain these structures. There is always 
the possibility, in spite of the positive 
statements of some authors, that the 
Golgi materials'’ in plants are fixation 
artifacts. The crucial test has never been 
positive; they cannot be seen in living 
material with present-day techniques. 


Summary 

1. Nuclear behavior in the basidia of 
Amanita caesarea is typical of that in 
most of the Agaricaceae. After fusion of 
the two original nuclei, the resulting large 
fusion nucleus undergoes two meiotic di- 
visions, and each of the four resultant 
nuclei moves into a spore initial. A final 
division in the spore results in the forma- 
tion of a two-nucleate spore. The diploid 
chromosome number is eight. 

2. In addition to the normal nuclei, 
there are extra-nuclear inclusions, fre- 
quently near the base of the basidium. 
These inclusions resemble nuclei in 
shape, size, and staining reactions, being 
readily stained with haematoxylin after 
the usual fixatives, and with the Feulgen 
reaction. Such bodies resemble the 
Nebenkerne found in Coprinus by Sass. 

This work was aided by a grant from 
the American Association for the Ad- 
vancement of Science through the West 
Virginia Academy of Science. My wife, 
Nancy Ritchie, helped in the prepara- 
tion of the material. 

West Virgini.a. University 
Morgantown,' West Virginia 
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EFFECTS OF DIETHYLSTILBESTROL ON ALLIUM CEPA^ 



SOPHIE JAKOWSKA 


Introduction 


Diethylstilbestrol has been reported 
(2, 3) to have a colchicine-like effect on 
mitosis when applied in very low con- 
centrations to chick heart fibroblasts in 
tissue culture. Lettre suggested that 
the benzene-C-C-N grouping found in 
both colchicine and diethylstilbestrol 
might be responsible for their similar ef- 
fects on mitosis. Zollikofer (6) had 
earlier compared diethylstilbestrol with 
auxins. 

In view of these findings and of the 
fact that in the hormone treatment of cer- 
tain types of cancer there is a tendency to 
replace the organic estrogens by the syn- 
■ thetic diethylstilbestrol, it was deemed 
desirable to study further the effects 
of this synthetic hormone. Onion {Alli- 
um cepa) was chosen as the material for 
the experiments because of the presence 
of large chromosomes which have been 
observed under a large variety of experi- 
mental conditions. 

Observations on this material afford 
comparison with the results of Lettre’s 
work on animal cells in vitro. Lastly, the 
use of this plant material provides a test 
of any postulated auxin-like properties of 
diethylstilbestrol and also serves as a 
source of information as to toxicity. 

Material and methods 

Seeds and small bulbs of A . cepa were 
,^used throughout these experiments. The 
^average weight of the bulbs was 35 gm. 
Only bulbs with symmetrical stem bases 
were used. 

^ The results included in this paper formed part 
of a dissertation submitted in partial fulfilment of 
the requirements for the degree of Doctor in Phi- 
losophy in the Department of Biology at Fordham 
University. 


The solutions of diethylstilbestrol 
(Merck & Co.) were prepared from stock 
solutions containing either i or 10 mg. 
of diethylstilbestrol per cubic centimeter 
of ether. All dilutions were made with 
ether, which was then evaporated, and 
10 cc. of tap water were substituted 
for the evaporated ether. The suspen- 
sion was then allowed to stand for 24 
hours. Athough diethylstilbestrol is 
nearly insoluble in water, several in- 
vestigators have found that water-in- 
soluble materials are able to affect the 
growth and development of plants im- 
mersed in suspensions. These effects 
have been found to be in proportion to 
the total amount of chemical present in 
such suspensions. - 
Three series of thirty-three seeds of 
A. cepa were germinated and grown in 
Petri dishes containing 10 cc. of an 
aqueous suspension of 10, 5, or 2.5 mg. of 
diethylstilbestrol. An identical number 
of controls was used. Bulbs with grow- 
ing roots were treated with aqueous 
suspensions containing 100, 50, or 25 
mg. of diethylstilbestrol for i, 2, 3, ic, 24, 
48, and 96 hours, with i week recovery 
in tap water. A similar group of bulbs 
with growing roots were treated with 
aqueous suspensions containing 66, 250, 
500, 750, or 1000 7 of the compound for 
24, 48, 72, 96, and 144 hours, with re- 
covery of 24 and 48 hours in tap water. 
In all experiments with bulbs with grow- 
ing roots a moist chamber was employed, 
and 10 cc. of suspension was use^ in each 
treatment. Controls were used for each 
single treatment. Excised root tips were 
treated with suspensions containing 10, 
S, or 2.5 mg. of diethylstilbestrol for 15 
minutes and for 2 hours; or with a sus- 
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pension containing loo mg. of the sub- 
stance for 15 and 30 minutes, and for i, 
2, and 3 hours. Controls were run in tap 
water for the same length of time. A min- 
imum of five root tips of treated and con- 
trol materials was used for cytological 
study from each single treatment. 

A milligram of diethylstilbestrol was 
evaporated from an ether solution on the 
central area of bo-mm, filter paper; this 
filter paper was then applied to the fresh- 
ly scraped stem base of a bulb. Controls 
were run with the untreated filter paper. 
After a 24-hour period of treatment the 
bulbs were thoroughly rinsed in running 
tap water and placed in fresh tap water. 
After a recovery period of 14 days, pieces 
from such treated stem bases were cut 
and applied for 2 days or more to freshly 
scraped untreated bulbs to determine 
whether the effects of the previous treat- 
ment could be transferred. 

The observations consisted of macro- 
scopic and microscopic examination of 
changes in stem and root tissue. Cyto- 
logical observations were made of smears 
of treated and control tissues stained by 
the Feulgen reaction and light green. 

Observations 

Evidence for a colchicine-like action 
was not found for diethylstilbestrol 
within the limits of the above experi- 
ments. There was, however, a consistent 
auxin-like response. Changes in nuclei, 
attributable to toxic effects, occurred 
almost universally in the treated mate- 
rial. 

Overgrowths, similar to those ob- 
tained by the use of Bacterium tume- 
faciens oJx A. cepa (i), were formed when 
I mg. of diethylstilbestrol on filter paper 
was applied to bulbs for 24 hours. These 

overgrowths reached their maximum size 
in 17 days. The plants, however, re- 
mained quite healthy for months there- 


after and showed no signs of such tissue 
deterioration as was observed in bulbs 
infected with B, tumefaciens. An asym- 
metrical widening of the stem was ob- 
serv^ed in bulbs immersed for 2 days in 
suspensions containing as little as i mg. 
of diethylstilbestrol in 1.0 cc. of tap 
water. 

Pieces of typical overgrowth tissue 
induced by 1 mg. of diethylstilbestrol 
were applied to healthy plants. Tests 
for bacteria in the overgrowth tissue 
were constantly negative. Two succes- 
sive transfers of the overgrowth tissue 
resulted in the production of new^ over- 
growths on healthy plants within 9-11 
days from the time of application. Ap- 
parently a very small amount of diethyl- 
stilbestrol, if applied in very close prox- 
imity to plant tissue, can induce what 
may be called a localized injury response. 
This is in accord with the known toxicity 
of diethylstilbestrol. It should, however, 
be noted that dried sterile overgrowths 
did not induce this response. It may be 
that the living plant cells contain meta- 
bolic products which act in conjunction 
with the minute amount of diethylstil- 
bestrol to induce the growth response. 

The germination of seeds in suspen- 
sions of 10, 5, or 2.5 mg. of diethylstil- 
bestrol in 10 cc. of tap water was never 
above 20% after 48 hours. The gennina- 
tion percentage of controls was 75 at 
that time. No increase in size of roots 
of the treated material occurred within 
the following week. Tap water (5 cc.) was 
added 9 days after the beginning of 
treatment to offset possible loss result- 
ing from evaporation. The germination 
of the treated seeds on the sixteenth day 
of the experiment had risen to as high as 
50% in the lowest concentration, while 
the germination of controls remained un- 
changed. The material was fixed and 
stained on the eighteenth day of treat- 
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ment. There was no chlorophyll present 
in the treated seedlings at this time, al- 
though they appeared otherwise normal, 
while the controls were already green and 
had developed adventitious roots after 
the usual deterioration of the radicle. 
Apparently the continued action of di- 
ethylstilbestrol in the above concentra- 
tions was sufficient to prevent germina- 
tion of many seeds and normal develop- 
ment of all seeds. In most of the cells of 
seeds treated with 2.5 mg. of diethyl- 
stilbestrol, the Feulgen-positive material 
was concentrated in large nucleus-like 
masses with Feulgen-positive granules 
scattered throughout the cytoplasm. 
The Feulgen-positive material mani- 
fested differential stainability from blu- 
ish-pink to deep magenta. In material 
treated with 5 mg. of diethylstilbestrol, 
many nuclei were crenated. In the mate- 
rial treated with 10 mg. of the compound, 
an organized nucleus was apparently 
absent from some cells, and Feulgen- 
positive material, in the form of globules 
of varying sizes, filled the entire cell. 
These globules responded with varying 
intensity to the Feulgen reaction. 

When seeds were immersed in the con- 
centrations described for 24 hours only 
and then transferred to tap water and 
grown for 10 days, they showed no ap- 
parent toxic effects other than a slight 
reduction in percentage of germination, 
Cytological examination of tissues from 
all three concentrations revealed many 
pycnotic nuclei. An occasional lagging 
chromosome and Feulgen-positive mas- 
ses in addition to the nucleus were not 
more frequent than in untreated seed- 
lings of A. cepa. Apparently, the arrested 
growth and other associated toxic ef- 
fects are not manifested in seedlings un- 
til after at least 24 hours of treatment 
with diethylstilbestrol. It does appear, 
however, that diethylstilbestrol inhibits 



germination for varying lengths of time, 
depending upon the concentration used. 
An analysis of the selective reaction of 
seeds at low concentrations was not at- 
tempted. 

The metaphase figures from root tip 
cells growing in suspensions of i mg. 
and lower of diethylstilbestrol were ap- 
parently identical with those of normal 
material. The chromosomes were defi- 
nitely not contracted. Counts of meta- 
phase figures made from low-power 
fields revealed no significant variation 
between treated and control material 
The same conclusions can be stated for 
root tips grown in a suspension contain- 
ing 66 7 of diethylstilbestrol 

The treatment of excised root tips in 
suspensions containing 10, 5, or 2.5 mg. 
of diethylstilbestrol for 15 minutes and 
for 2 hours and with 100 mg. for i, 2, 
and 3 hours did not reveal a colchicine- 
like effect on mitosis. A 2-hour treat- 
ment with a 0.1% solution of colchi- 
cine in similar fashion produced many 
blocked metaphases and extensive con- 
traction of chromosomes. A similar effect 
was obtained with 60 mg. of colchicine 
in water. 

Bulbs with growing roots were placed 
in higher concentrations of diethyl- 
stilbestrol A suspension containing 25 
mg. of the compound was used as a 
treatment, and roots were removed at 
intervals of i, 2, 3, 10, 24, 48, and 96 
hours. The roots were fixed and stained. 
The entire bulb was then transferred to 
ordinary tap water and allowed to re- 
cover for 24 hours. The same procedures 
were followed with suspensions contain- 
ing 50 or 100 mg. of diethylstilbestrol. 
The most characteristic feature resulting 
from all these treatments, ranging from 
I to 10 hours, was the presence of fre- 
quent anaphase and telophase chromatin 
bridges accompanied by breakdown of 
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resting nuclei into numerous granules of 
chromatin material. Treatment for 48 
hours or longer resulted in the destruc- 
tion of a large number of cells and ex- 
tensive fragmentation of chromatin ma- 
terial. The chromatin material was ob- 
served in the form of globules of various 
sizes scattered throughout the cells. It 
was apparent that all these treatments 
were extremely toxic. The range of col- 
chicine-like action for diethylstilbestrol 
was not revealed. If it did exist, it must 
occupy an extremely small range within 
the concentrations studied. 

Discussion 

ZoLLiKOFER (6) attributed auxin-like 
properties to diethylstilbestrol. The pres- 
ent work on A . cepa confirms this in some 
degree, inasmuch as a growth response 
was obtained which consisted of a hori- 
zontal spreading of the stem base in the 
,! bulbs to which diethylstilbestrol had 

been directly applied. It is possible that 
diethylstilbestrol is a nonspecific acti- 
I vator of the cell. 

I The data given in the present work in- 

! dicate that a concentration of diethyl- 

I stilbestrol lower than 25 mg. in 10 cc. of 

I tap water has very little effect on the tis- 

• sues of ^ . cepa. This may be related to 

the very low solubility of this compound 
in water. Degenerative changes induced 
; by higher amounts of diethylstilbestrol 

1 ^ in suspensions are very pronounced but 

do not differ cytologically from the ef- 
fects of numerous other substances of 
which the toxicity for plant cells has long 
I been established. 

? As regards the suggested colchicine- 

like action of diethylstilbestrol, no con- 
firmation was obtained for such action 
on A . cepa in concentrations of 40-100 yj 
cc. as was found by Lettre (2, 3) in his 
studies on heart fibroblasts of chick tis- 
sue culture. The range of concentrations 


of diethylstilbestrol used by the present 
author on A. cepa was within the range 
of concentrations used by Lettre, al- 
though they were not prepared in the 
same manner. In addition, both higher 
and lower concentrations were used in 
an effort to find any colchicine-like 
action. The concentrations of 250 7 to i 
mg. of diethylstilbestrol in 10 cc. of tap 
water had no observable effects on mi- 
tosis in A. cepa. Prolonged periods of 
treatment with the very low concentra- 
tion of 66 7 in 10 cc. of tap water gave no 
blocking of metaphase. The higher 
ranges of 2.5, 5, and 10 mg. showed 
neither colchicine-like action nor toxic 
effects within periods of time in which 
compounds with colchicine-like action 
usually have pronounced effects on 
plant tissue. The effects of such higher 
concentrations over longer periods could 
only be considered as toxic. It is possible 
that period of treatment, extremely 
small range of concentration of diethyl- 
stilbestrol of effective C-mitotic action, 
and differences of plant and animal cells 
must all be considered to explain differ- 
ences in the action of diethylstilbestrol 
on animal and plant tissue such as A. 
cepa. 

The results presented here have been 
previously reported in abstract (i). A 
wider publication of them seems desir- 
able in view of the work of Lxjdeord and 
Dmochowski (4) on the effect of di- 
ethylstilbestrol on tumors of mice. These 
authors reported that in the material 
treated with stilbestrol there occurred 
very few mitoses, a greater proportion 
than usual of metaphases, and no indica- 
tion of a specific mitotic poisoning of the 
type induced by colchicine. In particu- 
lar they reported that diethylstilbestrol 
did not inhibit tumor growth in the ab- 
sence of toxic effects. This same conclu- 
sion was reached by the present author 
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in work on A. cepa. Lxjdford and Dmo- 
CHOW-SKi stated that there is no justifi- 
cation for including diethylstilbestrol 
in the same class of mitotic poisons as 
colchicine and sodium cacodylate, both 
of which have pronounced action on the 
mitotic spindle. They further suggest 
that what was considered by Lettre as 
colchicine-like action might have been 
^Testing” nuclei which rounded off owing 
to the toxicity of the drug, simulating 
in this manner contracted metaphase 
plates. They propose to repeat the work 
of Lettr:e on chick embryo fibroblasts 
in vitro and to study the results from a 
cytological viewpoint. It may be noted 
that Meier and Schar (5) have made an 
extensive review of the work of Lettre. 


Summary ; 

Observations are reported on seeds, 
bulbs, and roots of onion which had been 
treated with concentrations of diethyl- 
stilbestrol ranging from 66 7 to ico mg. 
in 10 cc. of tap water. Contrary to find- 
ings of Lettr£ (2, 3) on animal tissue 
in vitro, no confirmation of a colchicine- 
like action on mitosis was obtained in the 
absence of toxic effects. This is in agree- 
ment with the work of Ludford and 
Dmochowski (4) on mouse tumors. A 
nonspecific auxin-like response was ob- 
tained on the bulbs in the form of an over- 
growth of the bulb base, similar to over- 
growths on bulbs infected with Bacterium 
tumefaciens (i). 

Sloan-Kettering Institute for 
Cancer Research 
New York City 
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ABNORMAL PROTHALLIA IN TSUGA CANADENSIS 


CLARENCE 

Introduction 

Investigations of morphological devel- 
opment in a plant often reveal deviations 
from its usual behavior. These variations 
may be interpreted as normal or abnor- 
mal, depending upon their frequency in 
the individual species or in related spe- 
cies. Regardless of interpretation, the 
record of such variations serves to indi- 
cate potentialities of behavior which lie 
within the range of development of the 
plant tissues. The investigation here re- 
ported treats of abnormalities found in 
mature megaprothallia of Tsuga canaden- 
sis Carr. 

Material and methods 

In the present study ovules of the hem- 
lock were dissected for an embryological 
investigation. Cones were collected from 
a large, vigorous tree in Urbana, Illinois, 
between July 4 and July 17, 1947, the 
dissected prothallia being immediately 
killed and fixed in a variety of killing 
fluids. Sections cut at 15 /i were stained 
with safranin and fast green. Drawings 
were made by camera lucida. 

Investigation 

Unfortunately for the primary purpose 
of the study, none of the archegonia 
seemed to have been fertilized. This may 
have resulted from poor pollination in 
the 1947 season. Although the gameto- 
phytes appeared normal and turgid at 
maturity, all began to collapse and dis- 
integrate within less than 2 weeks follow- 
ing the formation of the ventral canal 
cell. 

During the 2-week period of collection, 
1877 ovules were dissected. Although 
most of them had but a single functional 
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prothallium, nineteen ovules (about UJ, 
of the total) were found with two fully 
developed megagametophytes (figs. 1-4). 
A majority of the paired prothallia were 
partially superposed (figs. 1-3). Four oc- 
curred with the relationship shown in 
figure I ; twelve were situated in the ap- 
proximate position of figure 2; and two 
were seen as depicted in figure 3. Only 
one pair (fig. 4) was found in w’hich the 
prothallia were virtually juxtaposed. All 
the supernumerary prothallia possessed 
a normal complement of from two to five 
archegonia. 

An interesting feature of these paired 
megagametophytes is that in all nine- 
teen pairs both prothallia were surround- 
ed by the megaspore membrane. Thus, 
the contact surface between the adjacent 
structures was composed only of cell- wall 
material. The megaspore membrane w'as 
found on the outside surface of the com- 
plex, being thicker at the chalazal end 
and tapering out above, as also reported 
by Thomson (28). Although a paired 
group had a larger volume than a single 
normal prothallium, the same peripheral 
form was exhibited in both cases. 

Two other ovules were also discovered 
to show an abnormal development of the 
megagametophyte. In one of them (fig. 
5) the archegonia were located in a later- 
al position (only four of the five arche- 
gonia are present in the section shown). In 
the other prothallium (fig. 6) two of the 
three archegonia were superposed, with 
the lower of the two lacking a distinct 
neck. 

Discussion 

The development of multiple megaga- 
metophytes in conifers has been men- 
tioned frequently in morphological 
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studies. The question, whether the pro- 
duction of supernumerary prothallia in 
an ovule is a teratological occurrence, 
cannot be arbitrarily resolved. Some 
species are characterized by the usual 
germination of several megaspores in an 
ovule: Sequoia sempervirens is a notable 
example of this phenomenon (13, 14, 24, 
28, and others). Likewise, Austrotaxus 
was described by Saxton (23) as exhibit- 
ing a marked tendency for the develop- 


above, Taxus has been described fre- 
quently as showing the development of 
at least two megagametophytes (6, 10, 
II, 2S, 26), and Dxjpler (6) has counted 
as many as four and five prothallia in a 
single ovule. Two prothallia have been 
found occasionally in the nucellus of 
Torreya (19) and in oi Amento- 
taxus {2^). 

In the Pinaceae and Cupressaceae 
double prothallia seem to occur only in- 








Figs. 1-6. — Figs. 1-4. Outline drawings of longitudinal sections through double prothallia. Fig. $, median 
longitudinal section of pro thallium with lateral archegonia. Fig. 6, median longitudinal section of pro thallium 
showing two superposed archegonia. All X 27. 


ment of more than one prothallium in an 
ovule. On the other hand, usually but a 
single megagametophyte is produced in 
most conifers, with supernumerary pro- 
thallia formed only rarely. 

Multiple prothallia appear to occur 
more frequently in the genera of some 
coniferous families than in others. In the 
Taxodiaceae several embryo sacs are 
normal in Sequoia (see above) and have 
been noted to occur occasionally in 
Taxodium (4), Sciadopitys (x)^ said Cun- 
ninghamia (i). Arnoldi (i) figured the 
development of five prothallia in the 
ovule of Cunninghamia.ln the Taxaceae, 
in addition to Austrotaxus as described 


frequently. Occasionally two prothallia 
have been reported in the much-investi- 
gated Finns (2, 3, 7, 10, 15, 16). Haydon 
(9) mentioned that he once saw five pro- 
thallia in the nucellus of P. sylvestris. Al- 
though some other genera of conifers 
(namely, in the Cupressaceae and Podo- 
carpaceae) have likewise been found 
with occasional supernumerary prothal- 
lia, their recounting is unnecessary at 
this point. It is interesting to note, how- 
ever, that multiple prothallia have not 
been reported in any other pinaceous 
genera. 

The occurrence of lateral archegonia 
in a gametophyte may be variously inter- 
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preted. In the Cupressaceae such groups, 
which occur not infrequently in Tetra- 
clinis (12, 18, 22), FiUfoya (5), and 
Juniperus (10, 18), may connote a near 
relationship to the callitroids. In families 
in which archegonia are normally apical 
(i.e., micropylar) in position, however, 
the formation of lateral archegonia may 
not be so much a phylogenetic expression 
as a response to locally altered physio- 
logical conditions. Among these latter 
might be included the lateral archegonia 
found occasionally in Taxus (25), Tor- 
reya (20), and Tsuga (17 and the present 
note). Lateral archegonia have also been 
noted in Pinus (3, 8, 21), and even 
chalazal archegonia have been described 
in this genus (2, 3, 16). 

A question of some significance arises 
in connection with the position of the so- 
called megaspore membrane” in those 
ovules of Tsuga with double prothallia. 


The fact that such a membrane sur- 
rounds a group of two rather than each 
separate prothailium indicates either 
that the two prothallia were derived from 
a single megaspore (an improbable situa- 
tion) or that the membrane about these 
double prothallia is not a spore mem- 
brane. With regard to the first alterna- 
tive, although two prothallia (‘tanther- 
idia”) have been described within the 
microspore membrane on several occa- 
sions, such a variation in the free nuclear 
activity of the developing megagameto- 
phyte is notably unrecorded. If the sec- 
ond alternative is correct, without specu- 
lating on the morphological nature of 
this membrane it could be argued that, 
if it is not logically a spore membrane in 
these abnormalities, its spore nature in 
normal cases is suspect. 

Department of Botany 
University OF Wisconsin 
Madison, Wisconsin 
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Genera Filicum: The Genera of Ferns. By Edwin 

Bingham Copeland. “Annales Cryptogamici et 

Phytopathologici,” VoL 5. Waltham, Mass.: 

Chronica Botanica Co.; New York: Stechert- 

Hafner, Inc., 1947. Pp. xvi-h247-f 2 figs.-f 10 pis. 

$6.00. 

Two far-reaching goals are achieved by this vol- 
ume. First, all known genera of leafy ferns, including 
those segregated in recent years, are now assembled 
in a form readily available to all students of ferns 
and to all systematists. Older monographs and in- 
dices, such as Diels’s volume on ferns in the 
Natiirliche Pjianzenfamilien of Engler and Prantl 
(1898) and Christensen’s Index Filicum, with its 
three supplements (1906-34), are more of historical 
than practical importance today. Christensen’s 
chapter in Verdoorn’s Manual of Pteridology (1938) 
is a useful summary but does not evaluate the genera 
completely. 

Second, this exposition of modern trends in the 
classification of ferns is certain to stimulate thought 
and discussion among the current generations of 
botanists. It is fascinating to explore the disposition 
of families and genera from Pteridaceae to Vit- 
tariaceae. 

Based upon the premise that pteridology has re- 
gained its position of being the best-developed field 
of systematic botany, Copeland proceeds to in- 
tegrate all useful knowledge concerned with the 
genera of ferns. Since the author has spent much of 
his life in the Eastern tropics and has studied all but 
six of the genera recognized in this work, he is in a 
strategic position to analyze and to synthesize the 
fern flora of the entire world. 

The Introduction is rich historically and inter- 
pretively. The polyphyletic nature of the group 
known as the Polypodiaceae is stressed, and some 
reasons are given for the scope and sequence of the 
newly established families. A case is made for the 
return of such genera as PhylUHs, Glossopteris, DF 
plora, and Boniniella to Asplenium, while AntF 
gramma of Brazil and Schafneria of Mexico are kept 
generically distinct, largely on the basis of con- 
venience. Copeland treats the genus as a concrete 
entit}^ and a component of nature. His definition is 
simple: “A genus is a single isolated species or a con- 
venient group of related species.” Emphasis is on 
“related,” while convenience is of secondary consid- 
eration. Copeland’s studies in the Hymenophyl- 
laceae, in the genus Grammiiis with a hundred and 
fifty species, and in many other fern groups have 
convinced him that nine-tenths of the species and 
genera of ferns are Antarctic in origin. 

Information in the body of the book is presented 
conventionally, beginning with the division of the 
class Filicineae into the orders Ophioglossales, Ma- 


rattiales, and Filicales with one, one, and nineteen 
families, and four, six, and two hundred and ninety- 
eight genera, respectively. Copel.and is author of 
thirty-three of these genera and has revived or vali- 
dated sixty-nine others. Analytic keys to the families 
of the Filicales and to genera wEerever demanded are 
carefully constracted. Only one major error is noted 
—the omission of the genus Paraleptochilus from the 
key on pages 175-177. Synonyms for each genus are 
listed. W'hether the fern is terrestrial or epiphytic in 
its mode of existence is specified in the description of 
the genus, followed by the citation of the type spe- 
cies. The number of species under each genus and 
their geographical distribution are indicated. The 
type of stele is used extensively in ascertaining af- 
finities. Historical and critical remarks concerning 
the nomenclatural problems are to the point and 
generally convincing. Many readers, however, will 
be surprised to know the marsh fern as Lastrea 
Thelypteris (L.) Bory, the ostrich fern as Maiteucda 
Struihiopteris (L;) Todaro {^’’Plerelis was never toler- 
ably published”), and the hart’s- tongue fern as 
Asplenium Scolopendrium L. 

Few changes have been made in the rearrange- 
ment of genera wdthin families other than in the 
Hymenophyllaceae and in the Polypodiaceae as con- 
strued in the recent past. The geographic distribu- 
tion of the thirty-four genera of the Hymenophyl- 
laceae is shown in tabular form. The heterosporous 
leptosporangiate ferns are placed last as families 
Marsileaceae and Salviniaceae under the heading 
“Hydropterides.” The latter has no counterpart in 
the monograph. 

Of special interest is the distribution of genera in 
the segregates of the old Polypodiaceae. Ten families 
replacing the Polypodiaceae are arranged together 
with Parkeriaceae, Matoniaceae, and others into a 
unified sequence. The Pteridaceae encompasses 
sixty-three genera, including Dkksonia, Cihotimn, 
Dennstaedtia, Pteridiim, Pleris, Pellaea, Acrostichum, 
and Adiantum. The Parkeriaceae, Hymenophyl- 
lopsidaceae, and Plagiogyriaceae are each repre- 
sented with a single genus. Preceding the last-named 
family is the Davalliaceae, composed of three nat- 
ural groups— the davallioid ferns with eight genera, 
Oleandra, and the three genera of the Boston-fern 
type. In commenting on the first of these groups, the 
author lists seven common characteristics which in- 
dicate its coherence. Similar summaries are found 
throughout the book. Seven genera of tree ferns are 
placed in the Cyatheaceae. Copeland recognizes 
that a description of the largest family, Aspidiaceae, 
would be of little value in placing an unknown fern 
into its proper category, and the diversity of this 
group of genera is indicated by such ferns as Onoclea, 
Polystichim^ Aihyrimn, Cystopteris, and . 
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Christensen’s third supplement is followed in in- 
terpreting Tectaria and Aspidium as perfect syno- 
nyms with the former antecedent. The almost in- 
credible variety of wa^^s in which Aspidkm has been 
construed is alluded to but not discussed in detail. 
Lasirea is considered to have five hundred species or 
more. A chart partly summarizes the Aspidiaceae, 
showing that Rumohra^ Dryopteris^ Cienitis^ Lastrea^ 
and a few derived genera are organized from the 
Dryopteris of the Index Filicum and that three other 
large genera, Folystickm, Tectaria^ and Athyrium 
are added. This complex of seven “old” genera ac- 
counts for fifty-six of the sixty-six genera in this fami- 
ly. With the increased number of genera, each has 
fewer species. 

The five remaining families have the indicated 
number of genera: Blechnaceae, eight; Aspleniaceae, 
nine; Matoniaceae, two; Polypodiaceae, sixty-five; 
and Vittariaceae, nine. The Polypodiaceae is con- 
strued as an epiphytic assemblage with an abun- 
dance of tropical genera. Polypodmm and Phleho- 
diim are among the few genera which are familiar to 
land-bound botanists of the North Temperate Zone. 

Discussions and some disagreements among con- 
temporary pteridologists may tend to modify some 
of the fruitful labors presented in the Genera Filiciim^ 
but many praises will be voiced by those who are 
attempting to visualize the fern flora of the world as 
a unit in time and space. — Paul D. Voth. 


An Introduction to the Science of Botany: Basic 

Botany, By Freo W. Emerson. Philadelphia and 

Toronto; The Blakiston Co,, 1947, Pp. xi4-372. 

Ulus. Frontispiece in color. $4.00. 

Gracing the washable cover of this new text is a 
desert scene in full color. Another innovation is the 
larger format which permits the use of two columns 
of print per page, thereby improving the speed and 
ease of reading. 

The general plan of the book is logical. The pro- 
duction of corn in the Upper Mississippi Valley in 
1925 is compared with increased current yield to 
emphasize the net gain in wealth resulting from the 
improvement of plants by hybridization. A discus- 
sion of life, cells, and cellular reproduction leads to 
chapters on leaves and their function and to cycles 
of energy and nutrients, including a simple nitrogen 
cycle. Chapters on the functions and structures of 
roots and stems are followed by unifying discussions 
on correlations, genetics, evolution of plants, and 
classification. Present-day plants are treated from 
Gloeocapsa to the grasses. The book concludes with 
chapters on plant and biotic communities. Units of 
the book can be rearranged easily to fit local needs. 
A list of paragraph titles is incorporated in the in- 
troduction of each chapter so that the unit may be 
visualized at a glance. Many of these titles are of 
necessity topical in nature, but “man’s relation to 
the web of life,” “the remedy for erosion,” and “aim- 
less destruction” create an urge to read, i 


Diagrams, line drawings, and halftones are of 
good quality and wisely chosen. It may be noted 
that the vascular system in two drawings of a stem 
tip in longisection is oversimplified. 

The author includes many of the newer ap- 
proaches to the study of plants, as the discussions of 
growth substances and of photoperiodicity will illus- 
trate. Tabular presentations of pigments and other 
data on the algae are especially complete. In general, 
the activities of plants are described with such 
clarity that a student familiar with only a few of the 
basic facts of chemistry and physics can follow the 
discussions readily. Because of the basic nature of 
photosynthesis, it seems that this process could have 
been presented more extensively. Blue-green algae 
and bacteria are included in the phylum Schizo- 
phyta, and the use of the phyla Psilopsida, Sphenop- 
sida, Lycopsida, and Pteropsida indicates that the 
author has adapted the systems of Walter Zimmer- 
MANN and A. J. Fames. It is gratifying to observe 
this trend in modern elementary textbooks.—PAUL 
D. Vote. 


Plants and Environment: A Textbook of Plant 

Aiitecology, By R. F. Daubenmire. New York: 

John Wiley & Sons, Inc,, 1947. Pp. xii-f 424+87 

figs. Frontispiece. $4.50. 

The broad usage in America of the term “ecol- 
og>’” has been traditionally inaccurate both with 
respect to the etymology of the word and with the 
sense of its original usage in Europe. We now have a 
textbook of plant autecology that shows a compre- 
hension of the distinctions between autecology and 
synecology and between these fields and those more 
strictly geographical and historical. Daubenmire 
hews to the line in a formal manner until his last 
and, incidentally, poorest chapter entitled “Ecologi- 
cal Adaptation and Evolution,” which is mainly on 
genecology. Here his work suffers, among other 
things, from space limitations and lack of correlation 
with the rest of the volume. The subject matter of 
the book as a whole, which treats of the environ- 
ment per se and of the relations between the environ- 
ment and plants as individuals, is divided into seven 
chapters on subjects such as the soil factor, the at- 
mo.spheric factor, the biotic factor, etc. Within these 
groupings the material is well organized. It is simply 
and logically presented, so that the book itself 
should not interfere wdth the processes either of 
teaching or of learning. No small compliment! The 
photographic illustrations are all from the author’s 
personal negatives and are well selected, but he 
should be dissatisfied with the poor quality of the 
halftones with which the publishers have provided 
his book. In fact, the design and typography of the 
book are no credit to the publishers, as it looks much 
like a 1920 high-school text. The reviewer does not 
believe in reviews that carp about minor typographi- 
cal errors, slight omissions, and all the other matters 
that any reader can find in the best proofread books, 
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yet I cannot help but note the unique verbatim repe- 
tition in chapter ix of forty-four lines of pages 345- 
346 on the immediately following pages 348-340, 

The author might have profited by reference to 
several books (not cited in the Bibliography) which 
treat at least partly the subject of environmental 
factors, such as Reynaud-Beauverie’s Le Milieu et 
la vie en commtm des plantes (1936), and Rebel’s 
Geobotanische Untersiickungsmethoden (1922). His 
use of American literature, however, is good, and 
fully one-half of all cited papers have appeared 
within the decade preceding the completion of his 
manuscript. 

The reviewer believes that Daubenmire’s most 
useful chapter is the one on “The Environmental 
Complex.” Here one finds boldly expressed the idea 
of the variability, interdependence, and interaction 
of habitat factors; the variable significance for the 
organism of a factor status, duration, or change, de- 
pending on other conditions, including those of the 
organism itself. Although he admits that “the prob- 
lem of measuring those physical conditions that 
really govern plant behavior is much more difficult 
than is commonly conceived,” he does not quite 
warn his readers that ecological studies generally do 
not demonstrate causal factors but at best point up 
correlations and coincidences. His book is based on 
the prevailing tacit assumption (probably derived 
from plant physiology) that causal factors can be 
isolated and studied, but he is intelligent enough to 
be bothered by some of the assumptions usually 
made and to provide the cautions of chapter ix about 
the heterogeneity and dynamic nature of the envi- 
ronment, factor interaction, and the variability of 
plant requirements. That progress can be made in 
the field of autecology is amply demonstrated by 
scientific agriculture, but the situation in ‘‘nature in 
the rough” is another matter. Perhaps if Dauben- 
MiRE were a little more concerned about the dif- 
ficulties (and some of the futilities) of much of eco- 
logical study, he would have devoted more than a 
page to the phytometer method and would have 
gone on from there to other “measurements” of the 
environment as a whole by organisms themselves 
and by communities. Perhaps he would not have 
written this book but would have done one in the 
field of synecologjc 

Students do not usually read prefaces. They are 
not assigned! Should they read Daubenmire’s, how- 
ever, they would find that “the special advantage of 
restricting the material to this branch of ecology 
[autecology] consisted of making it possible for the 
student to devote his entire energy to a study of 
fundamentals [1] without having to sacrifice a large 
share of the time to the mastery of any of the several 
conflicting philosophies of plant sociology.” One can 
have no legitimate complaint that this book treats in 
detail only of autecology, one branch of geobotany; 
but especially in view of the fact that the author 
considers autecology as a science “which cuts across 
many discrete fields of science” and that it “is indis- 


pensable as a background for an>'one who would un- 
dertake to grasp the complexities involved in the 
ecology of plant communities,” one can deplore the 
implication of the first statement quoted in this 
paragraph. It is impossible to erect a notation of 
plant communities and, I believe, to understand the 
ecology of an individual on a basis only of a study of 
the ecosystem. If it were possible to analyze (even to 
recognize!) ail the factors of the environment, it 
would be impossible to integrate the resultant data 
and arrive at a solution— the holocoenotic environ- 
ment. Even then one would not know about the 
“harmonic environment”— that is, which factors are 
more important and at what rate they are effective. 
Nor would one know the extent to which the poten- 
tial ecological amplitude of an organism is reduced 
in a particular situation by adversity and especially 
by competition. To be completely explicit, I do not 
hold that this book need cover the broader fields of 
synecolog>q plant sociologjq etc., but it is necessary 
for the author to provide a better perspective for his 
readers, if only in the Preface and Introduction, so 
that they will not believe that all the fundamentals 
lie in autecolog>c 

Despite my criticisms, Plants and Enviromneni is 
a good and a useful book. It should be bought by all 
persons working not only in the ecological field per se 
but in the related less broad disciplines and in the 
applied fields. — Stanley A. Cain, Cmnbrook Imtl- 
tute of Science. 


Nucleic Acids and Nucho proteins. (“Cold Spring 
Harbor Symposia on Quantitative Biologv,” Vol. 
XII.) Cold Spring Harbor, N.Y.: Biological Lab- 
oratory, 1947. Pp. xii-}-279-f 258 figs. 17-00 (plus 
postage). 

The rapid progress and wide scope of investiga- 
tions aealing with the cytoiogical and chemical 
aspects of nucleic acids and nucleoproteins can be 
seen in the amount of new material presented in this 
volume which follows by only a year the volume re- 
sulting from the Cambridge Symposium of the So- 
ciety for Experimental Biology on Nucleic Acid. 
This volume is also a logical extension of the genetic 
aspects covered in the Ninth and Eleventh Cold 
Spring Harbor Symposia. The paper on “Chemical 
Structures of Nucleic Acids” is one of the last con- 
tributions of J. Masson Gulland, to whom the 
volume is dedicated. Spectrophotometric studies of 
the interaction of nucleic acids and nuclei with basic 
dyes by Michaelis give new insight to the basis of 
ortho- and metachromatic staining. Enzymatic 
studies on chemical structure are in papers by 
Greenstein, Carter, and Chalkley and by 
Schmidt, Cubile, and Thannhauser. The action of 
X-rays is dealt with by Taylor, Greenstein, and 
Hollaender and by Errera. Studies on nucleic 
acids and nucleoproteins in viruses and bacteria in- 
clude those by Belozersky, Boivin, Chargaff, 
Cohen, Hyden, Knighi, and Witkin. Papers on 
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chromosomes and nuclei form another group by 
Mazia, Hayashi, and Yxjdo witch; Mirskv; Pol- 
LiSTER and Ris; Ris; Schultz; Serra; and Sted- 
MAN and Stedman. Metabolic aspects are repre- 
sented in papers by .Bracket, Da\'tdson, Schneider, 
Spiegelman and Kamen, and Thorell, The dis- 
cussions which are published provide, as usual, valu- 
able additional sidelights on the problems presented. 

Application of these findings in the field of cyto- 
chemistry would do much to improve the signifi- 
cance of its literature. The volume presents an up-to- 
date guide to the literature on the chemical structure 
of nucleic acids and nucieoproteins as ascertained by 
organic s3mthesis, enzymatic degradation, and com- 
plete amino-acid analysis (for viruses) ; physical and 
chemical properties of these substances with respect 
to spectrophotometry and action of ionizing radia- 
tions; the biosynthesis of nucleic acids and their pos- 
sible role in metabolism; the relations of nucleic acid 
properties to nuclear and cytoplasmic morphology; 
and an introduction to certain aspects of directed 
mutation, embryogeny, and neoplasms. Evidence 
relating to higher plants is conspicuously absent. — 
William L. Doyle, Department of Anatomy, Uni- 
versity of Chicago. 


The Fungi, Vols. I and II. By Frederick A. Wolf 

and Frederick T. Wolf. New York: John Wiley 

& Sons, 1947. Pp. X-H438 and xii4-538. Ulus. 

$12.50. 

The announcement of the publication of this two- 
volume text and reference book was received with 
considerable anticipation by students of this very 
diversified and increasingly important group of 
plants. Those who teach one or another aspect of 
mycologj^ were particularly interested, for the texts 
which have been available for years are all out of 
date, and there has appeared in text form no integra- 
tion of information accumulated during the last two 
decades — a period during which the fungi have 
proved to be exceedingly^ versatile both in the labora- 
tory and in industry. The appearance of a work 
which would present both the classical aspects of 
mycology and a thorough treatment of the activities 
of fungi was timely. 

The Fungi deals wdth the subject matter in two 
distinct sections: the first, comprising Volume I, 
presents a rather orthodox and conservative survey 
of the fungi, including the myxomycetes, with em- 
phasis on the taxonomy, morphology, and, to a lesser 
extent, the phylogeny of the various groups; the sec- 
ond section, Volume II, is devoted in its entirety to 
the activities of fungi. The authors, in thus dividing 
the subject material, logically exemplify their con- 
viction that at least an elementary knowledge of 
morphology, etc., is prerequisite to an understanding 
and appreciation of the very diverse activities of 
fungi. 

Volume I opens with rather generalized accounts 
of the techniques of isolation and cultivation of fungi 
in the laboratory. This is follow’^ed by a short section 



which treats of the principles and criteria of the 
classification of fungi and which concludes with keys 
to the classes, subclasses, and orders. The arrange- 
ment of subclasses and orders within the classes is 
in some cases a bit perplexing. One example is the 
treatment of the aquatic phycomycetes which, as the 
authors point out, comprise two apparently parallel 
evolutionary lines, the uniflagellate and biflagellate 
series. Yet the order Chy tridiales as here treated 
contains both uni- and biflagellate families; the 
Lagernidiales are considered intermediate between 
the Chy tridiales and the Blastocladiales; and the 
Monoblepharidales and Saprolegniales sit cheek-by- 
jowl as co-ordinate orders of the subclass Oomycetes. 
The problem of the Blastocladiales indicates the in- 
adequacy of the time-honored division of the aquatic 
Phycomycetes into the Archimycetes and Oomy- 
cetes: the highly developed mycelium would exclude 
it from the former, and isogamy in certain members 
of the orders would as surely exclude it from the 
latter. The present over-all arrangement, which sus- 
pends the Blastocladiales between these two sub- 
classes, would appear less natural than to consider 
the two series, mono- and biflagellates, as inde- 
pendent and parallel. 

The greater part of Volume I is devoted to a de- 
scriptive survey of the fungi in which each order is 
described along with its characteristic morphology, 
reproductive structures, and processes. Practically 
every order is illustrated with more or less detailed 
accounts of a number of specific forms. Actually, it 
would seem that the purpose of the authors, to fur- 
nish a basis for a general acquaintance with the 
fungi, could have been better served hy the use of 
fewer illustrative examples and a more comprehen- 
sive description of each of the selected few. 

This volume offers only one major advantage 
over the standard texts on mycology, such as those 
of Gynne-Vaughan and Barnes, Gaumann- 
Dodge, etc., with which it corresponds rather closely 
in context and general treatment of subject mate- 
rial: it is much more recent. 

In Volume II, on the activities of fungi, the au- 
thors have performed a very desirable service to the 
student of mycology. Twenty-tw'o chapters deal with 
a wide diversity of subjects, such as various physio- 
logical processes and biochemical activities; broad 
accounts of special groups of organisms, each of 
which, though taxonomically heterogeneous, com- 
prises an important functional biological group— i.e. , 
the human pathogens, mycorrhizal fungi, and soil 
fungi; effects of various agents, as radiation, medium 
reaction, temperature, etc., on the germination of 
spores and on the development of vegetative and 
fruiting structures; genetics and physiological spe- 
cialization in fungi; host-parasite relations; associa- 
tive effects; etc. Each chapter is provided with a 
bibliography of the source material. This novel treat- 
ment in a fully documented text is most welcome, 
and it is to be hoped that it will set the pattern for 
other authors in the future. 
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In general, the treatment of each of the subjects 
listed above is quite adequate and presents a com- 
prehensive, if brief, account which, though not ex- 
haustive, would serve as a guide into the literature 
for the more interested and curious reader. The 
present work, however, fails in one very important 
respect to render its maximal service to the biological 
sciences, in neglecting to integrate properly the ex- 
panding knowledge of the physiological and bio- 
chemical processes in fungi with the broader knowl- 
edge of general biological phenomena. Thus the re- 
cent and exceedingly significant investigations on 
biochemical mutants in N euros por a, etc., and the in- 
formation on synthetic systems within the cell which 
such genic mutants has made possible, are sum- 
marily disposed of in a single short paragraph. Re- 
cent work on genetics in yeasts receives even briefer 
treatment. In both cases the implications of these 
studies are ignored. 

On the whole, the work constitutes a valuable 
addition to mycological literature, and, by focusing 
attention as it does on the versatility of fungal be- 
havior, it will remain useful for a long time to come. 
— J. R. Raper. 


Botany: Principles and Problems. By Edmund W. 
SiNNOTT. 4th ed. New York and London: Mc- 
Graw-Hill Book Co., 1946. Pp. xvii-j-726-L403 
figs. Frontispiece. $4.50. 

Three types of differences are evident when the 
previous edition is compared with the current revi- 
sion. First, a co-ordinated effort has obviously been 
made to improve isolated portions of the book by 
clarifying certain statements, replacing illustrations, 
or by adding new data. The sections on metabolism, 
vitamin deficiencies in plants, and buds are all im- 
proved. Drawings of the grass flower, substitution of 
the embryogeny of Portulaca for that of Capsella, as 
well as the photographs illustrating h3Lrid vigor in 
maize, the anchoring of English ivy by its roots to a 
wall, and numerous other plates, enhance the value 
of this text. A few of the new illustrations seem to be 
less desirable than the former ones, such as the stem 
tip of Elodea replacing one of Coleus and the photo- 
micrograph showing abscission of a leaf which re- 
places a labeled diagram. The section on heredity 
and variation as well as the chapter concerned with 
development and morphogenesis have profited by 
the addition of new pages, the latter to a marked 
degree. 

Second, economic aspects of plants, present 
trends in botany, and the future of this science are 
stressed to a greater degree in the current edition. 
New photographs show a tea plantation, sugar cane 
in tlie field, drying of cinchona bark, tapping of a 
rubber tree, and the checking of erosion by contour 
plowing, to mention only a few. Summaries on the 


economic value of stems, of ferns, and of other plant 
parts in the several plant groups are placed strategi- 
cally in the various chapters. 

Third, the inclusion of new chapters and the em- 
phasis on plants currently used for fundamental re- 
search in genetics and biochemistry assure the inter- 
est of con tempo rarj* student populations. A new 
vegetational map of North America and a photo- 
graph of a pond being filled in by vegetation precede 
a new chapter on plant distribution. Even though 
plant formations are given scant attention, the prin- 
ciples of the distribution of plants in time and space 
are presented in a broad frame with discussions of 
antarctic floras, fossil floras, and the extent of Gond- 
Avanaland. Recent researches on the sex hormones of 
Achlya, the water mold, on the fruiting bod}' of 
DictyosteUmn, and on the genetic mechanism of the 
pink bread mold, N euros por a, are incorporated in 
this revision. “Botany and the Future” as the last 
chapter presents the electron microscope as a re- 
search tool, discusses plants useful in the production 
of essential substances such as penicillin and ribo- 
flavin, and shows photographs of the greenhouses of 
the Plant Industry Station of the U.S. Department 
of x\griculture at Beltsville, Marjdand, and views of 
two well-known botanical gardens to e.xempiify in- 
stitutions where botanical research is stressed. 

The revision of the chapter on Bryoph3des b}* 
Hempstead Castle is thorough, but one feels that 
the illustrations could convey the developmental ap- 
proach of the text to a greater degree. Through all 
editions this text has been noted for the thought- 
provoking questions which accompany each chapter 
and for the helpful discussion on soils, a topic which 
is neglected in most elementar}^ presentations. These 
features combined with those mentioned in this re- 
view make this edition a most acceptable one. — 
Paul D. Vote. 


Cytologic vegUale et cytologic generale. By PiERRii: 

D.\ngeaed. Paris: Paul Lechevalier, 1947. Pp. 

6ii-i-'246 figs. 

This book appears to be a well-done and rather 
complete summar}^ of the recent developments in the 
fields of plant and general cytolog3^ Although con- 
cerned principal^ with plants, it does include a 
number of pertinent topics dealing primarily with 
animal cytology and integrates the facts common to 
both quite w^ell. The illustrations are mainty dia- 
grammatic copies of the originals and do not show' a 
great amount of detail, although in general they give 
the main points of interest. The literature list at the 
end of each chapter is fairly complete and up to date. 
The book can be recommended to those who may be 
interested in a general and w^ell-balanced recent 
treatment of the subject of cytolog}'.-— J. M. Beal. 
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all unnecessary words but not telegraphic in 
style, should be the contributor’s goal for effec- 
tive waiting. It should be borne in mind that the 
paper is addressed to an audience of trained 
botanists, already conversant with the funda- 
mentals of the science. Readers do not need to 
have general botanical terms defined or common 
botanical knowledge repeated. Some contribu- 
tors, especially those with less experience, re- 
sort to much repetition in an effort to make their 
points clear, instead of presenting the material 
effectively in the first place. Many papers sub- 
mitted to this journal would be greatly im- 
proved in quality by drastic cutting and more 
concise writing. 

After the paper is typed and before it is sub- 
mitted, it should be read and reread at inter- 
vals. This is the time to make revisions, not 
when the material is set up in type. 

When historical data are presented, it is 
rarely necessary to review all the literature in 
detail or to include all the literature citations to 
be found on the subject. Quotations from other 
papers should be employed only when really 
essential; usually the reference is sufficient. If 
direct quotations are included, permission for 
their use should be obtained from the publisher 
of the material from which they are taken. 

Before the manuscript is typed, a copy of the 
Botanical Gazette should be consulted, and 
the style followed as closely as possible, es- 
pecially regarding the arrangement of literature 
citations, tabular material, illustrations, head- 
ings, and subheadings. Information regarding 
the amount of illustrative material accepted 
may be found on the inside front cover of the 
journal. There is no arbitrary limit as to the 
length of manuscripts which may be accepted, 
but those showing evidence of carelessness or 
thoughtlessness in preparation will not be con- 
sidered. 

The following specific recommendations for 
preparing manuscripts are not arbitrary but are 
based upon reasonable requirements, 

« A revision of an article originally published in 
Bot. Gaz. 91:327-331. 1931. A reprint may be 
secured upon request to the editorial office of the 
Botanical Gazette. 


1 . Use white paper of the regular typewriting 
size (8|X II inches). 

2. Double- or triple-space the entire manu- 
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sheet. If the pages are numbered consecutively, 
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appear in the margins. If it is wished to strike 
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not use a delete sign or the word ‘bmit” in the 
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notations regarding the insertion of illustra- 
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for the printer. 
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inserted in the text itself, not in the margins, 
using legible handwriting (not printed capitals) . 

e) If the changes are many, the page should 
* be retyped. 

8 . Leave to the editor the indication of the 
different kinds of type to be used throughout 
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topical headings and subheadings but do not 
underline them or use capitals. 

9. Spell out numbers beginning a sentence. 
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one to nine inclusive, using figures for higher 
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540 


PREPARATION OF COPY 


S4I 


10. Ireat tabular material as regular text, so 
far as page numbering is concerned, and insert 
it in the paper following the reference in the 
text. Unless it is impracticable on account of 
length, a table should be double-spaced, and the 
continuing text should begin on a fresh page. 
Since the setting-up of tabular material is ex- 
pensive, the contributor is urged to include only 
essential data, simplified as much as possible. 
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sential and number them consecutively through- 
out the text- The footnote should immediately 
follow the line containing the reference and 
should be separated from the regular text by 
two lines drawn across the width of the page, 
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2 Footnote. 

12. Include a summary in all manuscripts 
except short ones. A paragraph of acknowledg- 
ments, if included, should follow the summary- 

13. Double-space literature citations and 
arrange them flush with the margin, beginning a 
fresh page following the summary and para- 
graph of acknowledgments. Only titles actually 
cited in the paper should be included in the 
listed literature at the end of the paper; that is, 
a bibliography should not be included. Litera- 
ture citations should be verified with the origi- 
nals and should include all the information 
indicated in the following illustration: 

2 , Allahjd, R. W,; Ennis, W. B.; De Rose, H. R.; 
and Weaver, R. J. The action of isopropyl- 
phenycarbamate upon plants. Box. Gaz, 107: 
S89'-596. 1946. 

39.* Satina, Sophia, and Biakeslee, A. F, Studies 
on biochemical differences between (-j-) and (— ) 
sexes in Mucors. Proc. Nat. Acad. Sci. 11:528- 
534- 1925. 

Literature citations should be arranged ac- 
cording to the alphabetical sequence of the au- 
thors^ names and referred to throughout the 
text by a serial number. If several titles by the 
same author are included, each should have 
a separate serial number, and they should be in 
chronological sequence. 

14. Begin legends for illustrations on a fresh 
page, following the literature citations. This ma- 
terial. must be incorporated as part of the manu- 
script, and legends for text figures should not he 
attached to the illustrations. Type the legends 
double-spaced and in paragraph form. 

Galley proof.— Since it is assumed that the 
contributor has retained a carbon copy of his 
paper and will be agreeable to minor editorial 


changes, the original manuscript is not returned 
to him with proof. This proof has already been 
read by the professional proofreaders employed 
by the printers, who check primarily the corre- 
spondence of the proof with the original manu- 
script. Any penciled queries found on the proof 
are raised by the proofreaders and should be 
answered by the author. Although proof has al- 
ready had this reading, the contributor’s own re- 
sponsibility in proofreading is not casual. He 
should pay special attention to numerals, tabu- 
lar matter, and the spelling of proper and sci- 
entific names. The Manual of Style of the Uni- 
versity of Chicago Press and a number of other 
manuals and guides are available for consulta- 
tion showing the customary way to indicate 
corrections in proof; such information may be 
found also in some of the dictionaries. Correc- 
tions should be made in the margins, with black 
pencif and indicated as clearly as possible. Since 
changes in proof will be charged for if numerous, 
the contributor should refrain from unnecessary 
revisions. 

Illustrations 

1. Consecutive numbering. — Illustrations 
should be numbered in the order in which they 
are to appear in the text and, so far as possible, 
should be grouped in the order of their reference. 
This continuous numerical sequence should ob- 
tain even when both plates and text figures are 
included with the same paper. There should be 
only one figure i, the first illustrations in each 
group being numbered to follow the last on the 
preceding group. 

2. Size of reproduction. — The available 
space for text figures is 5 inches in wddth and, in- 
cluding the legend, 7I inches in length. Illustra- 
tions for plates should be 5X7I inches when 
reduced; that is, the proportion of the width to 
the length should be as 2 : 3. 

Methods of reproduction 

With rare exceptions, the Botanical 
Gazette confines itself to tw^o modes of repro- 
duction of illustrations: zinc-etching and half- 
tone. Practically all illustrations are used as text 
figures. Prospective contributors who wish to 
prepare illustrations which would require the 
use of other forms of reproduction or of enameled 
stock in printing are advised that this wdll rarely 
be possible unless they are able to defray the 
extra cost. 

3. Zinp-etching.— This method is used for 
graphs, charts, and all line drawings which do 
not have extremely fine lines or extremely .small 
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Such trimming lessens the amount of reduction 
required. 

6. Background.— Pure white cardboard or 
Bristol board should be used in mounting draw- 
ings or photographs. In all cases the background 
should be firm enough to support the individual 
figures without wrinkling. Wrinkles in a photo- 
graph tend to show as shadows in reproduction. 
Library paste is not permanent enough for use 
in pasting. Use rubber cement or photographic 
mounting tissue for attaching the figures, 

7 . Grouping. — Text figures should be mounted 
in groups whenever possible, using the full 
page width (5 inches). After the margins are 
trimmed, the figures should be mounted as close- 
ly as possible. Economy of spacing means less 
reduction in reproduction, a distinct advantage 
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possible. Often the full width of the page can be 
utilized by placing two figures side by side 
rather than one under the other, and the result 
is more pleasing. Examine previous issues as 
guides for grouping and other matters. 

8. Index lettering.— It is most important to 
use letters and figures large enough to reduce 
with the rest of the illustration and retain their 
Mounting ^ legibility. After reduction they should be at 

5. Trimming.— All unnecessary background least -|V i^ch high. The smallest size used obvi- 
should be trimmed before the figure is mounted, ously should be the one considered in this con- 
Trim away excessive blank paper around the nection. Index letters should be printed or 

drawings and all except the object to be illus- mounted reasonably close to the object they 
trated in photographs or photomicrographs, designate. 


dots. The process is less expensive than the half- 
tone method. Stout drawing paper or Bristol 
board which is dead white, not creamy or gray- 
ish, and jet-black undiluted India ink should be 
used for drawings. Pale ink or a wash or tint 
prevents the use of this process. The effect of a 
wash can be secured by varying the strength of 
the lines and the density and size of the stip- 
pling. Bold drawing on a scale large enough for 
half or more reduction will give better results 
than fine work done under a lens on a scale per- 
mitting only slight or no reduction. Fine dots 
are not only unnecessary but often disappear in 
reproduction. Care should be taken to maintain 
the same scale of strength in all the lines and the 
same general size in all the printing or lettering. 

For graphs and charts use India ink on co- 
ordinate paper ruled with, light blue lines only. 

4. Half-tone. — This method is used for the 
reproduction of photographs and microphoto- 
graphs. In making the negative, use a ‘^con- 
trasty” film or plate, develop with a “contrasty” 
developer, and print on glossy black-and-white 
paper. Contrast should be overemphasized, 
since some of it is lost in reproduction. 
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